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In  the  urban  water  cycle,  water  supply,  transportation,  treatment  and  disposal  are  services  that  consume 
a  considerable  amount  of  energy.  This  paper  reviews  and  summarizes  state  of  the  art  measures  applied 
in  different  parts  of  the  world  to  reduce  the  energy  consumption  related  to  urban  water.  Based  on  a 
literature  review,  an  overview  of  the  energy  balance  in  the  urban  water  cycle  in  some  regions  of  the 
world  is  presented.  The  balance  shows  that  water  heating  is  the  largest  energy  expenditure  with 
approximately  80%  of  the  total  primary  energy  demand  in  the  residential  sector  of  the  cycle,  while  the 
remaining  20%  of  energy  is  spent  by  waterworks  on  pumping  and  treatment.  Examples  of  measures  to 
reduce  the  consumption  of  energy  are  presented  according  to  a  philosophy  of  actions  in  order  to  achieve 
energy  efficient  processes.  The  emphasis  is  on  technologies  and  case  studies  to  recover  the  energy  from 
urban  water,  as  well  as  some  factors  that  influence  the  deployment  of  the  technologies. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

The  water  cycle  of  an  urban  zone  starts  with  the  abstraction  of 
water,  followed  by  its  transportation,  treatment  and  distribution 
to  the  end-user.  Once  water  has  been  used,  water  is  collected,  often 
mixed  with  rainwater  run-off  and  transported  to  a  wastewater 
treatment  plant  (second  treatment).  Treated  water  is,  in  some  cases, 
reclaimed  for  reuse,  but  most  frequently  discharged  to  the  surface 
water.  After  this  last  stage,  water  comes  into  contact  with  the  natural 
water  cycle  and  eventually,  it  will  return  to  the  urban  zone  closing 
the  urban  water  cycle  (UWC).  The  UWC  thus  comprises  water 
catchment  and  withdrawal,  drinking  water  treatment,  distribution, 
water  use,  wastewater  treatment,  recycling  and  rain  water  [1]  and 
can  be  divided  into  three  main  categories:  before,  during  and  after 
use  (drinking  water,  tap  water  and  wastewater  respectively).  The 
initial  and  final  characteristics  of  water  differ  in  each  stage;  so  does 
the  type  of  energy  required  during  its  handling.  Fig.  1  shows  the 
main  energy  types  involved  in  each  stage  of  the  main  categories. 
Negative  and  positive  signs  correspond  to  energy  expenditure  or 
gain  respectively.  For  drinking  water  production  (stages  one  to 
three)  energy  is  mainly  required  for  pumping.  In  addition,  there  is 
indirect,  energy  burdens  in  the  production  of  chemicals  required  for 
the  treatment.  During  water  use  (stage  four),  energy  is  used  for 
water  heating.  Stages  five  to  eight  denote  the  category  in  the  UWC 
related  to  the  management  of  wastewater.  In  stage  seven  (waste- 
water  treatment),  thermal  and  electrical  energy  can  be  recovered 
from  the  chemical  energy  (biogas  from  digestion  of  organic  com¬ 
pounds)  in  wastewater. 

In  order  to  make  urban  zones  more  sustainable,  infrastructure 
changes  aiming  at  energy  neutral  activities  are  required.  A  concept 
that  has  been  developed  to  strive  to  zero  net  energy  consumption 
is  called  “Trias  Energetica”  (a  brief  description  can  see  seen  at 
www.triasenergetica.com,  Entrop  and  Brouwers  [2]).  It  suggests 
three  directives  that  can  be  followed  successively  or  in  parallel 
to  promote  energy  savings  and  avoid  the  use  of  fossil  fuels.  These 


Tap  Water 


Fig.  1.  Energy  involved  in  different  stages  of  the  UWC.  The  main  categories 
according  to  water  use  are  denoted  by  dotted  squares. 


directives  are:  (1)  Reduction  of  energy  demand  by  avoiding  waste 
and  implementation  of  energy-saving  measures  (prevention). 
(2)  Replacement  of  fossil  fuels  by  renewable  energy  sources 
(RES)  whenever  it  is  possible.  (3)  Efficient  use  of  fossil  fuel  and 
its  reuse  (efficiency). 

This  paper  describes  state  of  the  art  measures,  applied  in 
different  parts  of  the  world,  to  reduce  the  energy  consumption  in 
the  UWC.  Chapter  2  starts  with  an  inventory  and  compares 
information  on  the  energy  balance  in  the  UWC,  to  identify  the 
largest  energy  expenditures.  The  third  chapter  addresses  some 
examples  where  the  energy  expenditures  in  the  UWC  were  reduced. 
The  fourth  chapter  provides  a  description  of  technologies  and  case 
studies  related  to  efficient  use  of  fossil  fuels.  The  fifth  chapter 
describes  factors  that  influence  the  feasibility  of  heat  recovery 
systems.  Discussion  and  conclusions  from  the  review  are  presented 
in  the  last  chapters  of  the  paper. 

2.  Energy  in  the  urban  water  cycle 

2.2.  Energy  consumption  for  drinking  water  production 

Different  factors  such  as  the  distance  from  the  water  source  to 
the  consumer,  water  abundance,  initial  quality,  and  required 
treatment  for  use  determine  the  overall  energy  expenditure  per 
volume  unit  of  water  in  the  UWC  [2],  In  the  first  stage  of  the  UWC, 
water  must  be  abstracted,  and  transported  for  human  use.  In  this 
stage  electricity  is  the  main  energy  source.  In  addition,  there  is  an 
indirect  energy  use  for  the  production  of  chemicals. 

A  life  cycle  assessment-based  research  was  performed  by 
Racoviceanu  et.  al.  [3]  for  the  operation  of  the  water  facilities  in 
Toronto.  The  authors  found  out  that  electrical  energy  needed  for 
pumping  accounted  for  94%  of  the  total  energy  burden  and  for  90% 
of  the  total  C02  emissions,  while  the  energy  burden  related  to  the 
production  of  chemicals  and  transportation  (of  chemicals) 
accounted  for  only  5%.  The  city  spent  1.4  pj  of  delivered  energy 
on  water  pumping  in  1998;  approximately  half  of  the  pumped 
water  was  drinking  water  which  accounted  for  0.75%  of  the 
delivered  energy  to  the  city  [4].  Depending  on  the  availability  of 
water  sources,  the  share  of  the  required  energy  for  water  supply 
can  increase.  For  example,  5  %  of  the  total  electricity  use  in 
California  is  required  for  water  supply  to  the  state,  where  4.3  % 
is  used  for  transportation  and  the  remaining  0.7  %  is  used  for 
treatment  and  distribution  [5], 

2.2.  Energy  consumption  during  water  consumption 

In  the  state  of  California,  although  the  electricity  expenditure 
for  water  supply  is  the  largest  electricity  consumer,  the  electricity 
used  for  water  heating  in  the  same  state  reaches  14%  of  the  total 
consumption  [5].  The  purposes  of  water  use  in  the  residential  and 
commercial  sector  are  limited;  most  of  them  are  related  to 
cleaning  purposes.  Applications  can  be  divided  into  eight  main 
activities  of  which  toilet  flushing  and  showering  represent  the 
largest  tap  water  expenditure  in  households,  the  latter  usually 
being  heated  before  its  use  [6].  According  to  results  shown  in  a 
survey  in  the  USA,  approximately  150  L/cap  of  water  were  heated 
from  13  °C  (average  tap  water  temperature)  to  40  °C  [7].  Taking 
into  account  that  in  the  USA  40%  of  the  residential  water  is  heated 
with  electricity,  the  efficiency  factor  of  electric  (0.9)  and  gas 
heaters  (0.82),  and  the  efficiency  factor  to  convert  primary  energy 
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to  thermal  energy  by  electricity  [8],  the  primary  energy  consumed 
for  water  heating  amounts  to  13,000  MJ  per  capita  per  year.  In  The 
Netherlands,  this  value  amounts  to  4400  MJ/cap/annum  consider¬ 
ing  that  each  person  heats  approximately  68.8  L  of  tap  water  in 
households  to  an  average  temperature  of  27  °C  [9-11].  In  both 
countries  showering  represents  the  activity  that  uses  most  of  the 
heated  water. 

2.3.  Energy  consumption  after  use 

Once  wastewater  leaves  a  household,  the  heat  carried  with  the 
water  diffuses  to  its  surroundings  and,  when  the  temperature  of 
the  soil  is  lower  (as  it  normally  is),  thermal  energy  in  the  water 
decreases.  In  order  to  dispose  the  wastewater,  it  must  be  collected 
and  pumped  to  the  wastewater  treatment  plant  (WWTP).  The 
share  of  consumption  in  this  stage  varies  according  to  factors  such 
as  level  difference  in  urban  zones,  precipitation,  proximity  to  the 
WWTP,  type  of  sewer  (combined  or  separated)  and  population 
density.  In  Sydney,  the  percentage  of  energy  consumed  in  sewer 
systems  is  close  to  7%  of  the  total  energy  spent  in  the  UWC  [12], 
while  in  The  Netherlands,  the  percentage  is  approximately  10% 
[13]. 

In  the  WWTP,  aeration  in  aerobic  treatment  processes  can 
account  for  1.8  MJ/m3  to  more  than  3.6  MJ/m3  of  electricity 
depending  on  the  type  of  biological  system  [14],  A  study  of  almost 
1,000  wastewater  treatment  plants  in  Japan  focused  on  determin¬ 
ing  the  specific  energy  consumption  for  wastewater  treatment. 
The  range  of  energy  consumption  was  1.0  to  7.5  MJ/m3  and  in  most 
of  the  cases,  biological  treatment  represented  half  of  the  total 
operating  costs  [15], 

Biogas  is  the  most  common  form  of  energy  that  is  recovered 
from  wastewater.  The  potential  energy  harvested  from  biogas 
recovery  in  wastewater  treatment  plants  is  estimated  to  be  about 
360  MJ  (100  kW  h)  of  electricity  and  777  MJ  of  heat  produced  with 
the  help  of  combined  heat  and  power  units  for  every  45,000 
inhabitants  with  an  average  water  consumption  of  380  L/cap*day 
[16], 

2.4.  Comparison  of  energy  balances  for  different  case  studies 

Table  1  presents  the  comparison  of  energy  use  in  the  UWC  for 
different  regions.  Water  before  and  after  consumption  requires 
about  20%  of  the  total  primary  energy  in  the  UWC.  In  the  case  of 
the  USA  and  the  Netherlands,  the  primary  energy  used  for  water 
heating  in  the  residential  sector  accounts  for  more  than  80%  of  the 
total  consumption.  Similar  percentages  have  been  found  in  Taiwan 
where  84.5  %  of  the  energy  spent  in  common  buildings  is  used  for 
water  heating  in  showers  and  food  preparation.  The  rest  (which 


corresponds  to  8.46  kj/m3  of  primary  energy)  is  spent  on  treat¬ 
ment  and  transportation  of  water  and  wastewater  [17],  The 
numbers  correspond  to  previous  studies  [11,18,19]  which  also 
suggest  that  heating  is  the  most  important  energy  input  in  the 
UWC. 

Production  of  energy  is  highly  related  to  the  emission  of 
greenhouse  gases  which  is  considered  as  an  accelerating  factor 
for  climate  change.  The  primary  energy  per  capita  consumed  in 
the  UWC  (Table  1 )  multiplied  by  an  emission  factor,  corresponding 
to  the  type  of  delivered  energy,  results  in  the  amount  of  emitted 
greenhouse  gases.  It  must  be  considered  that  biogas  (mainly 
methane  and  carbon  dioxide)  is  produced  during  the  biological 
treatment  of  wastewater.  In  the  Netherlands,  assuming  that  almost 
all  biogas  is  completely  flared,  every  person  produces  annually  324 
kg  C02  eq.  by  using  the  UWC  (Table  2).  This  amount  represents 
3.14  %  of  the  total  C02  emission  per  capita  [20].  Frijns  et.  al.  [21] 
estimated  that  the  contribution  of  C02  emissions  from  waterworks 
and  the  overall  UWC  were  0.8%  and  3.3%  respectively.  In  regions 
where  the  gas  is  not  flared  the  mass  of  emitted  methane  would 
contribute  to  the  greenhouse  emission  even  more,  since  methane 
has  21  to  23  times  higher  greenhouse  gas  effects  than  C02  [22], 

The  numbers  in  Table  2  do  not  consider  gases  produced  in  the 
sewer  network  which  are  not  captured  or  treated  in  most  places  in 
the  world.  For  the  case  of  gases  produced  inside  sewer  networks, 
Guisasola  et.  al.  [27]  have  determined  that  the  emission  of 
methane  in  sewers  could  have  a  comparable  greenhouse  gas  effect 
to  that  produced  in  WWTPs.  Measurement  results  of  greenhouse 
gas  production  in  sewer  systems  of  Amsterdam  suggest  a  similar 
conclusion  [28].  Furthermore,  an  experiment  that  traced  the 
carbon  isotopes  in  four  treatment  plants  in  Australia,  showed  that 
fossil  organic  carbon  contributes  for  4  to  7%  to  the  total  carbon 
balance  from  domestic  wastewater  [29],  According  to  Washington 
et.  al.  [30],  in  order  to  mitigate  half  of  the  effects  of  Climate 
Change,  a  global  reduction  of  70  %  in  the  emission  of  greenhouse 
gases  must  be  achieved  by  the  year  2100,  which  implies  that 
activities  involved  in  the  UWC  must  be  improved. 

3.  Actions  to  reduce  the  energy  expenditure  in  the  UWC 

3.3.  Prevention  of  energy  use 

In  agreement  with  Sala  and  Serra  [31],  the  reduction  of  energy 
demand  would  begin  with  the  protection  of  water  sources, 
enforcement  of  water  savings  and  water  reuse,  since  the  energy 
expenditure  needed  to  pump  or  heat  water  is  related  to  the 
amount  of  handled  water.  On  a  household  level,  there  are 
documented  cases  where  the  use  of  water-efficient  appliances 
has  reduced  water  demand  in  urban  zones.  After  four  years  of 


Table  1 

Primary  energy  consumption  in  stages  of  the  domestic  urban  water  system  [MJ/cap/annum].  delivered  energy  was  converted  into  primary  energy  taking  into  account 
conversion  ratios  [3,23]. 


Category 

Reference 

Place 

Population,  million 

[13,19] 

Netherlands 

16.6 

[24] 

USA 

296 

[25]al 

Walloon  region 

3.4 

[3] 

Toronto 

2.5 

[12]bl 

Sydney 

4.4 

Before  consumption 

Water  Catchment 

301 

474 

123 

177 

!-] 

Water  Treatment 

55 

107 

Water  supply  and  distribution 

60 

843 

137 

404 

348 

During  onsumption 

Water  use 

4400 

13600 

No  data  available 

No  data  available 

No  data  available 

After  consumption 

Collection  and  transportation  of  wastewater  and  other  water 

105 

530 

0J2 

380 

74 

Wastewater  treatment 

476 

176 

434 

al  Population  was  obtained  from  http://statistiques.wallonie.be  (2009),  leakages  and  water  exports  to  other  regions  were  taken  into  account. 
a2  Energy  for  collection  was  considered  negligible  since  most  of  the  sewer  is  driven  by  gravity. 
bl  Water  consumption  per  capita  was  obtained  from  www.sydneywater.com.au  (2010). 

*  Other  water  refers  to  industrial  and  rainwater  treated  in  municipal  WWTP. 
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Table  2 

Annual  eq.  C02  emitted  per  person  by  domestic  water  use.  Factors  correspond  to  C02  emission  by  electrical  production,  hot  water  heating  and  biogas  burning  in  The 
Netherlands  [19,26], 


Category 

Stage 

Primary  Energy, 
MJ/cap/a 

Type  of  Energy 

Emission  Factor, 
kg  C02  eq./MJ 

kg  C02  eq. /cap/a 

Before 

consumption 

Water  catchment 

Water  treatment 

301 

Electricity 

0.0689 

21 

Water  supply  and  distribution 

60 

Electricity 

0.0689 

4 

During 

consumption 

Water  use 

4400 

Natural  Gas 

0.0567 

249 

After 

consumption 

Collection  and  transportation  of 
wastewater  and  other  water 

105 

Electricity 

0.0689 

7 

wastewater  treatment 

476 

Electricity 

0.0689 

33 

Biogas  production  during 
treatment 

110 

Biogas 

0.0842 

9 

implementing  a  water  reduction  program  in  one  of  the  largest 
counties  in  Florida,  USA,  the  single  change  of  any  hot  water 
demanding  appliance  (shower  head  or  wash  machine)  reduced 
the  water  demand  by  10.9  and  14.5%  respectively  [32],  In  Sydney, 
Australia,  the  results  of  a  large  program  where  changes  of  head 
showers,  installation  of  tap  flow  regulators,  improvements  in 
toilets,  detection  of  leakages  and  water  consumption  advice  were 
performed  in  approximately  200,000  households,  indicate  that  the 
reduction  of  water  consumption  reaches  12%  for  indoor  use  [33], 

On  an  urban  zone  level,  demand  management  could  reduce  the 
volume  of  water  consumed  in  a  region  and  subsequently  decrease 
the  energy  needed  to  operate  water  facilities  without  major 
changes  in  infrastructure.  Vairavamoorthy  et.  al.  [34]  enumerate 
some  techniques  to  manage  the  demand  in  distribution  networks 
and,  with  the  help  of  a  case  study  of  a  distribution  network  in 
India,  they  conclude  that,  by  following  the  guidelines  for  demand 
management,  it  was  possible  to  improve  the  supply  for  consumers 
without  increasing  the  volume  of  water  to  be  supplied.  Minimiza¬ 
tion  of  leakages  could  help  to  improve  water  conservation.  Kumar 
and  Karney  [35]  estimate  that  13%  of  the  water  loss  by  leakage 
could  represent  about  10  to  20%  energy  losses  in  pumping  and 
treatment. 

3.2.  Use  of  renewable  energy  sources 

The  use  of  RES  in  the  UWC  relates  to  two  different  concepts 
that  are  often  confused.  The  first  concept  concerns  the  use  of 
energy  from  renewable  sources  to  substitute  energy  from  fossil 
fuels  during  the  UWC  operation.  Green  power  purchase  by  water¬ 
works  is  one  type  of  practice  (and  often  the  easiest  to  implement) 
to  substitute  energy  from  fossil  fuels  [36],  In  most  cases,  the  use  of 
renewable  energy  is  realized  by  buying  certificates  that  guarantee 
that  part  of  the  electricity  supplied  by  the  grid  was  produced  from 
RES. 

Energy  from  RES  can  also  be  used  directly  when  water  is  used 
or  treated.  Solar  collectors  or  heaters  are  an  example  of  technology 
that  has  substituted  energy  from  fossil  fuels  in  the  UWC.  Balaras 
et.  al.  [37]  estimate  that,  depending  on  the  ambient  conditions  of  a 
region,  the  use  of  solar  collectors  could  reduce  the  energy 
consumption  in  buildings  by  60  to  80%  compared  to  electric 
heaters.  Michopoulos  et.  al.  [38]  compared  energy  savings  when 
renewable  energy  sources  were  applied  for  ambient  heating  and 
hot  water  production  in  a  conventional  house  located  in  northern 
Greece.  With  renewable  energy,  there  was  overall  electricity 
saving  of  54%  during  a  year  period.  The  use  of  renewable  energy 
sources  for  water  heating  has  not  widely  been  adopted.  Leidl  and 
Lubitz  [39]  consider  that  the  implementation  of  heating  technol¬ 
ogies  in  households  has  been  hindered  by  insufficient  awareness, 
lack  of  experience  and  insufficient  information  on  the  perfor¬ 
mance.  The  authors  further  suggest  that,  in  addition,  financial 


incentives  are  needed  to  facilitate  a  large  scale  roll-out  of  renew¬ 
able  heating  systems  in  medium-sized  North  American 
communities. 

In  water  treatment,  much  effort  has  been  put  in  research  into  the 
desalination  process  where  energy  consumption  in  large  reverse 
osmosis  treatment  facilities  can  reach  up  to  7-22  MJ/m3  (2-6  kWh/ 
m3)  [40],  Mathioulakis  et.  al.  [41  ]  have  discussed  the  characteristics  of 
different  desalination  processes  driven  by  renewable  energy  sources 
suggesting  that  amongst  other  solar-driven  processes  (such  as  dehu¬ 
midification,  reverse  osmosis  and  electro-dialysis  with  photovoltaic 
and  wind  power),  membrane  distillation  seems  to  be  an  adequate 
technology  that  can  be  implemented  in  warm  climates  and  at 
locations  with  waste  heat  sources  such  as  cooling  water  (often  warm 
brackish  water)  from  industrial  sources.  Nevertheless,  membrane 
distillation  has  not  been  widely  applied  in  practice  yet.  In  some 
documented  cases  of  full  scale  applications,  the  major  reported 
problems  relate  to  the  membrane  (fouling)  and  plant  lifetime  [42], 
Although  thermal  desalination  is  a  higher  energy  consuming  treat¬ 
ment  process,  this  technology  has  become  a  suitable  option  for 
decentralized  facilities  in  remote  locations  of  high  solar  intensity 
[43].  Solar  photocatalysis  for  advanced  water  treatment  and  disinfec¬ 
tion  is  also  a  technology  currently  under  development,  suitable  to 
substitute  fossil  energy  sources  [44],  However,  the  high  price  and  low 
yield  of  delivered  energy  compared  to  conventional  energy  sources  is 
still  a  barrier  for  applying  these  technologies  on  a  large  scale.  Besides, 
the  fluctuating  generation  profile  of  renewable  energy  sources  such  as 
wind  and  sun  makes  it  difficult  to  use  them  for  base-load  supply  and, 
in  most  cases,  energy  storage  facilities  have  to  be  considered  during 
the  design  of  such  systems. 

The  second  concept  visualizes  the  UWC  as  a  source  of  renew¬ 
able  energy  since  water  and  wastewater  are  a  carrier  of  diverse 
types  of  energy  [45],  Potential  energy  from  the  UWC,  for  example, 
can  be  recovered  with  hydropower.  The  effluent  of  a  WWTP  in 
Warendorf,  Germany  was  used  for  this  purpose;  a  water  wheel 
(4.83  m  diameter,  1.5  m  width,  40  plates)  was  installed  in  the 
effluent  of  a  municipal  WWTP  to  drive  a  generator  to  produce 
electricity.  Annually,  the  energy  output  varied  between  30  and  144 
GJ  [46],  Ramos  et.  al.  [47]  mentioned  that  the  efficiency  of  using 
pumps  as  turbines  to  regenerate  electricity  could  be  near  to  85%. 
However,  these  systems  can  only  be  installed  in  places  where 
there  is  a  level  difference  between  the  stream  and  the  turbine  and 
enough  flow  (at  least  5m  of  head  and  a  flow  rate  of  2m3/s)  to  make 
a  project  economically  feasible. 

So  far,  the  most  important  energy  source,  contained  in  waste- 
water,  comes  in  the  form  of  biogas.  When  biogas  is  recovered  from 
anaerobic  digestion  of  sludge,  electricity  and  heat  can  be  reclaimed 
by  means  of  combined  heat  and  power  units  (CHPs).  The  heating 
value  of  biogas  (23.3  MJ/N  m3  [48])  can  produce  electricity  and 
heat  with  a  combined  efficiency  close  to  95%;  which  is  the  reason 
why  this  technology  is  probably  the  most  wide  spread  method  to 
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harvest  electricity  and  heat  simultaneously.  The  average  energy 
yield  of  anaerobic  treatment  is  13.5  MJ  of  energy  as  methane/kg 
and  when  this  energy  is  converted  into  electricity  and  heat,  the 
electricity  output  (assuming  a  conversion  efficiency  of  40%)  is 
5.4  MJ  (1.5  kW  h)  [49).  Horne  et  al.  [3]  show  diverse  case  studies 
where  energy  was  recovered  applying  CHP  units  in  the  USA. 

The  success  of  biogas  production  as  an  alternative  method  to 
reduce  fossil  fuel  consumption  is  linked  to  the  variety  of  usable 
sources  for  its  production,  the  capability  to  produce  it  in  small  and 
large  quantities  and  the  availability  to  use  the  types  of  produced 
energy  (heat,  steam,  electricity,  hydrogen)  in  different  applications 
[50].  One  example  of  the  flexibility  of  sludge  digestion  process  is 
described  by  Schwarzenbeck  et  al.  [51],  The  authors  documented 
a  case  in  Germany  where  a  WWTP  is  using  its  digesters  to  treat 
skimmed  fat  from  a  daily  together  with  the  activated  sludge 
produced  in  the  aerobic  treatment.  Before  the  treatment  of  the  fat, 
the  WWTP  was  purchasing  more  than  80%  of  the  energy  with  one 
digester,  but  with  the  addition  of  a  second  digester  and  the 
treatment  of  fat,  the  plant  produced  100%  of  its  own  energy  needs 
and  sells  the  surplus  (approximately  10%). 

After  biogas  production,  the  digested  sludge  volume  is  reduced.  In 
the  EU,  approximately  10  million  tons  of  dried  solids  are  produced 
annually.  The  production  of  biogas  reduces  this  volume  up  to  60%  [52], 
The  incineration  of  dried  sludge  obtained  from  the  anaerobic  digestion 
is  another  way  to  recover  energy  from  wastewater.  In  Amsterdam,  the 
use  of  the  heat  produced  by  the  incinerated  sludge  avoids  the  use  of 
1  million  N  m3  of  natural  gas  per  year  [53], 

One  technology  that  promises  direct  electricity  generation  during 
the  treatment  of  wastewater  is  the  fuel  cell,  especially  the  microbial 
fuel  cell.  The  cells  can  be  conceived  as  bioreactors  that  can  utilize  the 
current  generated  when  microorganisms,  in  anaerobic  conditions, 
catalyze  organic  compounds.  Aelterman  et  al.  [54]  demonstrated  in 
laboratory  scale  a  production  of  58  W/m3  (288  kj)  of  electricity,  when 
microbial  fuel  cells  were  applied  to  treat  wastewater.  In  relation  to  the 
quality  of  the  produced  effluent,  microbial  fuel  cells  have  been  able  to 
reduce  8%  of  initial  chemical  oxygen  demand  at  a  hydraulic  retention 
time  of  33  h  [17],  although  a  large  fraction  of  organic  matter  was 
removed  without  the  subsequent  production  of  energy.  Because  the 
electricity  that  can  be  extracted  from  microbial  fuel  cells  is  still  lower 
than  the  amount  that  can  be  extracted  with  combined  heat  and 
power,  Pham  et  al.  [55]  consider  that  the  future  of  anaerobic  digestion 
and  microbial  fuel  cells  will  be  complementary.  The  former  will  be 
able  to  treat  highly  polluted  wastewater  at  temperatures  near  30  “C; 
microbial  fuel  cells  will  be  able  to  treat  water  with  low  concentrations 
and  at  low  temperature.  Microbial  fuel  cells  have  not  been  developed 
commercially,  mainly  because  of  scale-up  and  operational  problems. 
The  required  area  for  the  electrodes  still  poses  a  technical  problem 
when  fitting  in  small  reactors.  The  materials  of  the  electrodes  have 
decreased  significantly  in  price  although  they  are  still  high.  In  addition, 
there  are  problems  in  continuous-mode  operation  and  changes  in 
substrate  and  temperature  affecting  the  process  [56], 

Nevertheless,  the  chemical  energy  contained  in  wastewater 
that  can  be  extracted  represents  from  0.25  to  0.5%  of  the  total 
primary  energy  consumption  in  developed  countries,  even  though 
its  utilization  could  reduce  the  carbon  footprint  of  WWTPs  if  this 
energy  were  reused  [57],  Funamizu  et  al.  [58]  estimate  that  the 
chemical  energy  converted  to  work  obtained  in  a  WWTP  in  Japan, 
represents  near  one  fifth  of  the  total  energy  contained  in  waste- 
water  if  heat  is  taken  into  account.  The  remaining  energy  (80%) 
stays  in  form  of  sensible  heat.  Ways  to  recover  sensible  heat  will 
be  considered  in  detail  in  the  following  section. 

3.3.  Efficient  use  of  fossil  fuels 

Automation  and  control  of  water  treatment  facilities  is  the  state 
of  the  art  method  to  improve  energy  efficiency,  and  nutrients 


removal  without  affecting  the  effluent  quality.  In  conventional 
WWTPs,  aeration  is  the  most  energy  demanding  operation.  For  35 
days  Ingildsen  et  al.  [59]  tested  a  dynamic  control  in  a  WWTP  where 
the  aeration  of  the  mixed  liquor  was  controlled  by  an  online 
monitoring  of  ammonium  in  the  mixed  liquor  tank  and  the  effluent 
from  the  clarifiers.  Although  it  was  not  possible  to  quantify  with 
accuracy  the  energy  saving  because  of  technical  problems  during  the 
test,  it  was  shown  that  energy  for  aeration  could  be  reduced  from 
5  to  15%.  A  similar  optimization  technique  based  on  aeration  control 
by  ammonium  concentration  was  put  into  practice  in  two  WWTPs 
in  Switzerland.  In  those  cases,  other  site-specific  automation  and 
control  strategies  were  applied  together  with  the  control  of  aeration. 
After  the  implementation,  it  was  estimated  that  energy  savings 
ranging  from  16  to  25%  were  achieved  [60],  In  another  study,  Baroni 
et  al.  [61]  developed  and  patented  a  fuzzy  logic  control  system  for 
the  aeration  in  biological  treatment.  The  controller  was  installed  in 
one  of  four  tanks  of  a  WWTP  and  tested  for  one  year.  The  remaining 
three  tanks  were  operated  as  usual  (with  a  proportional  integral 
derivative  control).  The  new  control  could  save  4%  of  the  global 
energy  consumption  in  aeration  (15,841  kWh/d)  related  to  mean 
global  energy  consumption  before  the  new  control  implementation 
(16,506  kW  h/d).  Although  the  authors  concluded  that  the  optimiza¬ 
tion  cannot  be  compared  because  there  were  two  different  time 
periods,  the  control  system  substitution  of  the  other  three  tanks 
would  improve  the  overall  performance  of  the  process  since  the 
variability  of  effluent  quality  and  energy  consumption  was  also 
improved  with  the  fuzzy  logic  controller.  Concerning  pumping,  Lutz 
[62]  estimates  that  the  replacement  of  adjustable  speed  drivers  and 
other  energy  saving  programs  in  WWTPs  can  save  5%  of  electrical 
energy. 

In  a  global  survey  with  more  than  15  case  studies,  the  Global 
Water  Research  Coalition  (GWRC)  and  the  United  Kingdom  Water 
Industry  Research  (UKWIR)  identified  niches  for  energy  efficiency 
practices  and  technologies  in  water  and  wastewater  facilities. 
They  concluded  that  pumping  is  the  main  energy-demanding 
operation  with  more  than  80%  of  the  total  consumption  for  water 
treatment  and  supply,  while  aeration  was  the  operation  that 
consumed  most  of  the  energy  in  wastewater  treatment  (50-60%). 
In  wastewater  treatment,  pumping  accounted  with  30%  of  the 
energy  expenditures  [63],  For  water  treatment  and  supply  they 
identified  5  to  7%  potential  improvement  in  pumping  optimiza¬ 
tion,  3%  to  7%  energy  savings  with  pump  replacements,  and  5  to 
30%  of  improvement  with  the  optimization  of  current  operational 
techniques.  In  wastewater  25%  of  energy  savings  can  be  reached 
with  improvements  in  the  aerobic  treatment;  a  good  control  of 
the  process  could  save  50%  of  energy  consumption.  They  also 
found  improvement  opportunities  in  buildings  inside  treatment 
plants  (15%  energy  savings). 


4.  Thermal  energy  in  the  UWC 

In  a  typical  US  household,  after  the  air  conditioning,  the  second 
largest  energy  consumer  is  water  heating  (for  ambient  heating  and 
use  in  appliances)  with  approximately  20%  of  the  total  consump¬ 
tion  [10],  Hofman  et  al.  [13]  estimate  that  40%  of  the  total  energy 
losses  in  modern  Dutch  houses  are  represented  by  hot  wastewater 
leaving  the  houses.  A  simulation  carried  out  in  order  to  calculate 
the  benefits  of  installing  heat  recovery  systems  in  the  metropoli¬ 
tan  area  of  Tokyo  to  recover  heat  from  all  water  sources  available 
in  the  city,  showed  potential  energy  savings  of  41  pj  annually  in 
the  year  2000  [64],  Some  actions  to  improve  the  energy  balance 
for  heating  in  the  UWC  deal  with  the  installation  of  heat  recovery 
system  for  space  heating.  This  section  introduces  equipment, 
case  studies  and  considerations  of  heat  recovery  installations  in 
the  UWC. 
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4.1.  Equipment  used  in  heat  recovery  systems 

A  heat  recovery  system  is  a  combination  of  equipment  such  as 
heat  exchangers,  heat  pumps  and  thermal  storage.  They  can  be 
applied  in  sewers,  drinking  and  industrial  water  supply  networks 
[65], 

4.1.1.  Heat  exchangers 

First,  there  are  heat  exchanger  types  such  as  shower  heat 
exchangers,  which  have  the  distinguishable  characteristic  that 
they  recover  the  waste  heat  almost  at  the  same  place  where  the 
heat  is  needed.  Shower  heat  exchangers  have  a  flat  shape  and  are 
placed  beneath  the  drainage  of  a  single  shower.  They  can  also  be 
installed  inside  basements  or  service  rooms.  They  can  vary  from  a 
few  centimeters  long  and  1  cm  of  diameter,  to  1.8  m  long  and 
7.5  cm  diameter.  These  devices  are  commonly  made  of  copper  and 
arranged  in  spiral  tubes.  A  common  characteristic  is  that  both  have 
no  movable  parts  and  the  main  aspects  affecting  the  efficiency  are 
the  place  where  it  is  installed  (near  the  drainage,  the  heater  and 
the  tap)  and  fouling.  Optimal  places  are  limited  in  already  existing 
buildings  [66]. 

A  second  type  of  heat  exchangers  comprises  larger  devices 
applied  to  recover  heat  from  sewers  and  at  the  same  time  they  work 
as  sewer  pipes.  These  devices  are  commonly  coupled  to  heat  pumps 
(heat  pumps  are  explained  in  Section  3.3.1.2).  These  heat  exchangers 
can  be  shell  and  tube  heat  exchangers,  spiral  tube  heat  exchangers  or 
plate  heat  exchangers  mounted  on  pre-built  pipes  or  pits  which  can 
be  placed  in  existing  networks.  Some  of  these  heat  exchangers  are 
equipped  with  a  mechanical  screener  to  remove  solids  and  avoid 
fouling  due  to  the  solid  fraction  of  water  and  the  formation  of 
biofilms  [67],  which  are  the  major  problems  reported  in  all  kind  of 
heat  exchangers  [68],  Performance  indicators  of  heat  exchangers  due 
to  biofilm  formation  will  be  reviewed  in  Section  3.4.3. 

Fig.  2  presents  the  main  configuration  of  heat  exchangers  utilized 
in  water  networks.  Especially  for  sewer-pipe  heat  exchangers, 
different  models  have  been  developed.  In  accordance  with  the  cross 
section  of  the  pipe,  they  can  be  round,  oval  or  rectangular  [69], 
Advantages  of  heat  recovery  from  sewers  are  the  relative  proximity 
of  the  energy  source  to  the  consumers,  the  widespread  network  in 
cities  and  the  heat  quality  that  can  be  found  in  wastewater  when 
there  is  a  high  density  of  houses  nearby.  Normally,  the  warmest 
wastewater  is  found  immediately  downstream  the  household  where 
the  volume  of  wastewater  is  small  and  intermittent.  The  installation 
and  operation  of  such  heat  recovery  systems  is  considered  to  be 
economically  feasible  from  80  kj/s  of  supplied  heat  [70], 

4.1.2.  Heat  pumps 

Heat  pumps  are  devices  that  transfer  heat  from  a  lower  tempera¬ 
ture  to  a  higher  temperature  level.  Depending  on  the  principle  of 
operation,  there  are  three  types  of  heat  pumps:  vapor  absorption  and 
soli-gas  sorption  heat  pumps,  reversible  chemical  reaction  heat 
pumps,  and  vapor  compression  heat  pumps  [71], 

In  the  first  two  types  of  heat  pumps,  a  set  of  substances  that  make 
a  reversible  (chemical  or  phase-change)  reaction  in  two  stages  is 
required.  In  the  stage  called  production,  the  reaction  releases  heat 
while  in  the  regeneration  stage,  one  part  of  the  heat  pump  needs  an 
energy  input  in  order  to  store  heat  that  will  be  released  again  in  a 
new  production  stage  [71].  These  devices  are  used  as  chillers  in 
industry  [72],  but  there  are  few  publications  regarding  the  use  of 
chemical  heat  pumps  to  recover  heat  from  the  UWC.  Ajah  et  al.  [73] 
compared  chemical  and  mechanical  heat  pumps  to  recover  low 
quality  heat  from  industrial  wastewater  with  similar  characteristics 
to  domestic  wastewater.  The  comparison  took  into  account  eco¬ 
nomic,  technical,  energetic,  environmental,  and  safety  aspects.  The 
space  needed  to  install  a  chemical  heat  pump  was  the  major 


Fig.  2.  Heat  exchanger  types  for  water  networks  according  to  the  site  of  installa¬ 
tion.  (HX:  Heat  exchanger). 


Fig.  3.  Basic  parts  and  thermodynamic  cycle  of  a  heat  pump.  Adapted  from 
Holland,  Siqueiros  et  al.  [75], 


constraint  in  the  study  compared  to  the  feasibility  of  a  mechanical 
heat  pump. 

Mechanical  heat  pumps  are  devices  comprised  by  two  heat 
exchangers,  a  compressor  and  an  expansion  valve.  They  are  based 
on  the  Carnot  cycle  where  the  entropy  of  a  compressed  gas  or 
refrigerant  is  higher  causing  an  increase  in  temperature.  When 
the  compressed  refrigerant  is  warmer,  a  fluid  (water  for  heating) 
can  interchange  the  heat  inside  of  a  heat  exchanger  to  lower  the 
refrigerant’s  temperature  and  then,  the  refrigerant  is  expanded 
causing  a  further  temperature  decrease  of  the  fluid.  The  colder 
refrigerant  can  hence  interchange  heat  with  a  heat  source  (waste- 
water  or  another  type  of  waste  heat)  to  become  warmer  before  it 
is  compressed  again  to  end  the  thermodynamic  cycle  (Fig.  3). 
Classifications  of  mechanical  heat  pumps  depend  on  the  heat 
source,  the  method  of  expansion  and  the  type  of  engine:  air- 
source,  ground-source,  direct-expansion  solar-assisted,  integrated 
solar-assisted,  gas  engine  and  multi-function  heat  pumps  [74], 
Mechanical  heat  pumps  are  devices  most  frequently  found  in  heat 
recovery  systems  from  wastewater:  therefore,  in  the  following,  the 
text  will  only  refer  to  these  types  of  devices. 

The  coefficient  of  performance  (COP)  of  heat  pumps  is  esti¬ 
mated  as  the  useful  energy  with  respect  to  the  employed  energy 
(COP  =QJW).  The  COP  is  dimensionless,  Q  is  the  useful  heat 
(depending  on  the  purpose,  it  can  be  for  heating  or  cooling),  W 
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is  the  electrical  energy  utilized  by  the  compressor.  If  the  system 
considers  other  equipment,  such  as  additional  pumps  for  water 
conveyance  to  the  heat  exchangers,  the  energy  required  is  added 
to  the  denominator.  A  COP  of  4.5  for  a  heat  pump  for  heating  can 
be  considered  as  very  high. 

Most  of  the  reports  about  mechanical  heat  pumps  for  building 
heating  come  from  Europe.  In  Zurich,  the  city  hall,  a  swimming 
pool,  the  city  administration  and  an  already  installed  district 
heating  network  were  equipped  with  heat  pumps  from  1938  to 
1943  with  power  ranges  from  100  to  5860  kj/s.  The  heat  sources 
were  water  from  rivers,  lakes  and  industry  [76],  Although  heat 
pumps  have  been  utilized  for  some  decades,  not  many  develop¬ 
ments  have  occurred.  Alterations  in  the  compression  stage  (in 
multi-stages  and  scroll  compressors)  and  the  ejector  system  have 
improved  their  global  efficiency  to,  close  to,  35%  compared  to  the 
firsts  commercially  available  heat  pumps  [77],  In  general,  heat 
pumps  are  a  reliable  technology;  commercial  information  pub¬ 
lished  by  Mueller  [78]  mention  one  facility  in  Luzern  that  has  been 
extracting  heat  from  the  sewage  for  more  than  28  years  without 
changing  important  parts. 


4.1.3.  Thermal  energy  storage 

Thermal  energy  storage  technology  can  be  applied  in  heat 
extraction  from  water  to  match  the  heat  requirements  fluctuations 
(mostly  annually)  to  the  daily  fluctuation  of  heat  available  from 
water  in  households.  The  working  principle  is  based  on  the  heat 
capacity  of  materials  (mainly  water).  The  storage  can  be  placed 
underground  or  above  the  ground  (thermal  storage  tanks).  Under¬ 
ground  thermal  energy  storage  is  divided  into  aquifer  thermal 
energy  storage  (ATES)  and  borehole  thermal  energy  storage 
(BTES).  The  difference  between  ATES  and  BTES  is  that  the  second 
makes  use  of  an  arrangement  of  heat  exchangers  in  such  a  way 
that  only  one  well  works  as  the  heat  source  and  sink;  they  are 
normally  applied  in  smaller  projects  than  ATES,  when  the  soil  has 
a  relatively  high  resistance  and  can  use  a  coolant  to  carry  the  heat 
in  and  out  the  well.  An  ATES  has  two  wells  (a  warm  and  a  cold 
well)  separated  from  each  other.  It  is  an  open  system  where  the 
wells  are  separated  by  a  horizontal  barrier  or  screen  (aquifers  can 
be  located  at  the  same  depth  with  distance  between  them  or  in 
different  depths  and  closer)  [79], 

The  design  considerations  of  such  systems  include  the  required 
heat  interchange,  the  anticipated  levels  of  stratification  in  the 
storage  vessels,  the  heat  transfer  between  the  stored  water  and 
the  environment  and  the  level  of  insulation  of  the  system  [80],  The 
heat  or  cold,  stored  in  thermal  storage  systems,  can  be  stable  in 
time  lapses  of  months.  Therefore,  they  can  be  used  for  seasonal 
storage.  In  winter,  when  heating  is  needed,  heat  is  extracted  from 
the  water.  The  extracted  heat  is  transferred  and  boosted  using  a 
heat  pump  [81],  In  a  long  term  period,  the  heat  extracted  from 
underground  thermal  energy  storage  must  be  similar  to  the  heat 
carried  into  the  storage,  otherwise  the  temperature  of  the  under¬ 
ground  thermal  energy  storage  changes,  making  the  heating/ 
cooling  system  inefficient.  That  is  the  reason  why  ATES  and  BTES 
are  usually  employed  in  large  buildings  where  the  heat  demand  is 
similar  to  the  cooling  demand  during  a  year  period.  For  house¬ 
holds  where  the  heat  requirement  is  often  higher  than  the  cooling 
requirement,  the  underground  thermal  energy  storage  must  be 
regenerated,  i.e.  heating  the  groundwater  in  summer  with  the  help 
of  a  heat  exchanger  linked  to  sewer  systems  [82], 

Due  to  the  lower  investment  costs  compared  to  BTES,  the  most 
widely  used  system  for  energy  storage  is  ATES. 

Because  of  the  abundance  of  aquifers,  ATES  is  widely  applied  in 
the  Netherlands.  At  the  beginning  of  2005,  over  400  projects 
applying  ATES  or  a  combination  of  cold  storage  and  low  tempera¬ 
ture  heat  storage  were  operational  in  the  country.  The  largest 


realized  project  has  a  cooling  and  heating  capacity  of  19.9  MJ/s  for 
the  campus  of  Eindhoven  University.  About  45%  of  the  projects 
concern  large  office  buildings  while  the  remaining  percentage  is 
distributed  over  commercial  buildings  [83],  The  energy  savings  of 
ATES  compared  to  traditional  heating  and  cooling  equipment  can 
reach  60%  [53],  ATES  may  be  coupled  to  solar  heaters  or  thermal 
waste  energy  from  industrial  sources  to  store  the  thermal  energy 
in  the  underground. 

4.2.  Thermal  energy  reclamation  case  studies  in  the  UWC 

4.2.1.  Heat  recovery  before  and  during  water  utilization 

Few  studies  have  been  found  concerning  heat  recovery  from 
drinking  water  before  its  arrival  to  the  tap.  Possibly,  the  often 
lower  temperature  of  tap  water  makes  this  source  economically 
less  attractive  compared  to  water  with  higher  temperature  (such 
as  wastewater).  Nevertheless,  the  importance  to  extract  heat  from 
drinking  water  might  be  more  related  to  health  issues.  If  tap  water 
temperature  increases  in  distribution  systems,  one  way  to  control 
microbial  growth  is  to  lower  the  temperature  of  water  in  distribu¬ 
tion  systems.  In  the  Dutch  Drinking  Water  Decree  [84]  the 
maximum  temperature  standard  for  drinking  water  is  set  at  25  DC. 

One  example  of  heat  recovery  during  water  utilization  is  the  use 
of  a  heat  exchanger  for  dishwashers.  A  common  dishwasher  utilizes 
approximately  33  L  of  water  from  which  22  L  leave  at  temperatures 
from  30  to  60  °C.  De  Paepe  et  al.  [85]  constructed  a  5.5  L  heat 
exchanger  with  an  spiral  tube  inside  (copper,  5400  mm  length,  inner 
diameter  9.9  mm,  pipe  thickness  3.2  mm)  to  pre-heat  water  that 
enters  into  the  appliance  with  the  wastewater  that  comes  from  the 
same  dishwasher.  Estimating  an  electricity  price  of  40  €/GJ  at  the 
time  the  study  was  done  in  Belgium,  and  an  annual  consumption  of 
1  GJ  (annual  average  consumption  of  a  dishwasher),  the  payback 
period  of  the  heat  exchanger  would  be  6.4  years.  The  authors 
mentioned  that  the  cost  of  materials  was  40  €  but  industrial 
manufacture  would  lower  the  payback  period.  Larger  scale  options 
for  energy  recovery  equipment  from  wastewater  generated  by 
Laundromats  were  developed  in  1984;  heating  energy  (for  water 
and  drying)  can  represent  up  to  95%  of  the  total  energy  expenditures 
in  this  type  of  business.  Modular  heat  exchangers  were  tested  to 
preheat  tap  water  with  recovered  heat  from  wastewater.  The  invest¬ 
ment  cost  for  acquisition  of  the  heat  exchangers  and  their  installation 
paid  back  in  less  than  five  years.  A  survey  carried  out  by  Chapin  et  al. 
[86]  showed  that  the  major  obstacle  for  implementation  of  such 
systems  was  the  already  installed  infrastructure  in  buildings  and  the 
fact  that  only  14%  of  laundry  managers  are  owners  of  the  buildings. 
Therefore,  arrangements  between  real  estate  owners  could  inhibit 
the  implementation  of  heat  recovery  systems. 

For  the  case  of  heat  exchangers  installed  beneath  the  showers, 
a  survey  was  done  in  a  building  where  shower  patterns  of  people 
were  monitored.  With  the  help  of  a  Monte  Carlo  simulation,  the 
researchers  concluded  that  with  a  heat  transfer  area  of  2360  cm2, 
energy  savings  from  4  to  15%  could  be  achieved  in  a  3500 
inhabitants  building  located  in  a  city  with  a  warm  climate  [87], 
which  amount  represents  from  374  to  1460  GJ/annum.  Clogging  was 
the  major  technical  problem  encountered  during  the  survey.  The 
largest  project  mentioned  in  literature  refers  to  an  approximately 
400  households  system  in  Oregon,  where  200  heat  exchangers 
(Nominal  diameter  5.08  and  7.62  cm,  152  cm  length)  were  installed 
[88],  According  to  several  manufactures,  payback  periods  in  multi¬ 
family  buildings  are  shorter  than  in  single  households  because 
paybacks  depend  on  utilization  frequency  and  cost  of  installation. 
The  investment  can  then  be  recovered  from  2  to  7  years. 

In  another  study,  a  simulation  was  used  to  determine  energy 
savings  using  heat  pumps  to  recover  heat  from  baths  in  a  hotel. 
The  heat  was  used  to  substitute  base  load  demand  of  warm  water 
and  space  heating.  The  energy  consumption  pattern  in  hotels 
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(visitors  attend  mainly  on  weekends  and  holiday  times)  made  the 
use  of  heat  storage  tanks  necessary.  Here  the  use  of  a  water-air 
heat  pump  was  more  efficient  (COP =4.5-5)  than  a  conventional 
air-air  heat  pump.  The  heating  system  could  provide  more  than 
90%  of  base  hot  water  needs  [89], 

4.2.2.  Heat  recovery  from  the  sewer  mains,  internal  streams  in  WWTPs 
and  effluent 

Although  the  use  of  heat  pumps  to  recover  heat  is  relatively  new  in 
many  countries,  this  heating  technology  has  already  been  used  for 
some  decades.  Possibly,  the  first  installed  wastewater-source  heat 
pump  was  in  Zurich,  at  Obermeilen  WWTP  in  1975  [76],  Perhaps,  the 
largest  sewer  heat  recovery  system  is  operating  in  Oslo,  No i way, 
where  the  company  in  charge  of  district  heating  services  of  the  city 
uses  three  main  heat  sources  for  the  delivery  of  its  base-load  heat.  8% 
of  the  total  production  is  covered  by  heat  reclamation  from  sewage, 
which  represents  an  annual  energy  delivery  of  288  TJ  (5000  h  in  use 
per  year).  The  system  was  built  in  an  old  cavern  constructed  in  1984. 
The  heat  supply  network  runs  in  a  closed  configuration  (the  heat 
supply  carrier  returns  to  the  heat  pump  to  be  re-heated  [90]).  Another 
system  that  has  a  similar  configuration  was  installed  to  make  the 
Olympic  Village  of  Vancouver  more  sustainable.  In  this  project,  heat  is 
withdrawn  directly  from  the  sewer  of  housing  complexes.  The  heat  is 
extracted  from  wastewater  by  means  of  pit  heat  exchangers.  Screening 


operations  are  necessary  to  remove  solids  from  the  sewage.  This 
system  covers  70%  of  the  space  heating  demand  of  an  area  close  to 
558  000  m2  with  16  000  inhabitants.  After  the  temperature  of  the 
wastewater  has  dropped,  it  goes  to  a  WWTP  located  outside  of  the 
metropolitan  area.  Pit  heat  exchangers  were  chosen  because  they  offer 
less  restrictions  of  space  compared  to  heat  exchangers  located  in  pipes. 

Some  estimations  about  the  potential  of  building  heating  from 
wastewater  conclude  that  3%  of  the  households  can  be  heated  in 
Germany  and  Switzerland  [70].  This  low  percentage  was  estimated 
since  only  5%  of  the  sewer  network  consists  of  main  conduits  with 
steady  flow  and  enough  volume  to  decrease  the  temperature 
where  practice  has  shown  to  be  feasible  [91], 

The  internal  streams  of  a  WWTP,  especially  the  flows  after  the 
aerobic  treatment,  and  the  effluent  are  relatively  steady  and 
uniform  with  a  slightly  higher  temperature  than  the  influent, 
making  them  a  reliable  heat  source.  Wanner  et  al.  [92],  estimate 
through  a  heat  balance,  that  the  activated  sludge  in  a  WWTP  can 
be  0.7  °C  warmer  than  the  inflow  taking  into  account  the  heat 
introduced  by  blowers,  metabolism,  the  supernatant  return  and 
evaporation.  Other  reasons  are  that  the  efficiency  of  heat  recovery 
systems  from  treated  water  can  be  higher  compared  to  raw 
wastewater  since  fewer  nutrients  contribute  to  biofilm  formation, 
the  fat  and  grease  content  in  treated  water  is  slower  and  heat 
recovery  after  the  aerobic  treatment  would  not  affect  its  perfor¬ 
mance.  The  performance  of  WWTPs  with  colder  influent  is 


Table  3 

Selected  case  studies  where  heat  was  recovered  from  the  sewerage  network,  the  influent  or  the  effluent  of  a  WWTP. 


Reference 

[94]a 

[58] 

[95] 

[96]b 

[69,97]c 

[98]d 

Country 

Germany 

Japan 

Germany 

Switzerland 

Switzerland 

Switzerland 

Sewer  Heat  Exchanger 

Source 

Sewer 

Influent 

Sewer 

Effluent 

Sewer 

Sewer 

Type 

Pipe  e 

Pipe  (oval) 

Pipe 

Pipe 

Cleaning  system 

Flush 

Strainer 

Flush 

Flow,  L/s 

8.3-130 

136-290 

40 

10 

105 

91 

Diameter,  mm 

See  f 

1067  x  1600 

1500 

Length,  m 

20-102 

23 

200 

26 

Initial  sewer  temp,  °C 

25* 

012-022 

>12 

10.0-20.0 

Final  sewer  temp,  °C 

30* 

10.5-21.5 

18-23 

2C 

Energy  extracted,  kj/s 

23-150 

6.0-30.0 

850 

44 

elements  length,  cm 

100 

76 

4500 

Yield,  kj/s/m2 

1.8 

4.2 

Heat  transfer  area,  m2 

200 

18.7 

Heat  Pump  (compressor) 
Compressor  power,  KJ/s 

468 

1250 

64 

Working  time,  hr/annum 

COP  heating 

COP  cooling 

3.8* 

5000 

4, 0-3,0 

3,1 

Distance  to  consumer,  m 

160-102 

160 

1500 

Heat  output,  kj/s 

12-200 

1140 

32 

5600*4300** 

350-450 

34 

Base  load  heat,  % 

25 

50-30 

33 

32 

Heating  Network 

Use 

H 

H&C 

H 

H&C 

H&C 

H 

Area,  m2 

175400 

2500*** 

Network  Length,  m 

500 

1300** 

Extra  Equipment,  kj/s 

20 

68 

COP  total 

3.8 

03,0-4,0 

3, 0-4,0 

For  cooling  raw  wastewater  to  store  heat  in  a  Tank,  the  temperature  difference  for  heating  is  8  CH:  Heating;  C:  Cooling. 

a  Comments:  Compilation  of  nine  case  studies.  Peak  capacity  of  heat  pump:  7  MJ/s  for  cooling,  15  MJ/s  for  heating,  the  system  has  three  additional  storage  tanks.  The 
payback  period  ranged  in  8  to  12  years. 

b  The  system  is  probably  the  largest  ammonia  heat  pump  in  EU,  it  was  financed  by  contracting,  the  output  temperature  can  reach  65  °C. 
c  Estimations  of  potential  calculate  that  7500  apartments. 

d  The  installation  of  a  heat  pump  system  was  5%  higher  than  conventional  heating. 
e  Oval,  Rectangle  and  round  plate  heat  exchanger. 

f  Oval  profile:  1600  x  1067-1200  x  800;  Rectangle:  1200  x  700;  Round:  400-1500  (diameter). 

*  In  heating  operation. 

**  In  cooling  operation. 

***  Approximate  number. 
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elaborated  on  in  Section  3.4.2.  Funamizu  et  al.  [58]  described  the 
heating  system  for  offices  inside  a  WWTP  which  uses  the  second¬ 
ary  and  tertiary  effluent  of  the  same  plant.  In  this  case  study,  the 
WWTP  took  advantage  of  the  short  distance  between  the  heat 
source  and  the  delivery  site  inside  the  same  plant. 

In  Switzerland,  there  are  about  20  WWTPs  which  use  the  heat 
of  treated  water  for  district  heating  and  cooling  [70],  Although 
many  more  examples  were  found  (more  than  50),  the  technical 
information  about  projects  was  relatively  similar.  Therefore,  a 
summary  of  representative  studies  where  heat  is  recovered  from 
the  influent  and  effluent  of  a  WWTP,  are  summarized  in  Table  3. 

Some  other  uses  of  heat  from  treated  water  found  in  literature 
are: 

1.  Snow  melting.  Funamizu  et  al.  [58]  mentioned  some  case 
studies  in  Japan,  where  the  snow  collected  in  streets  is 
transported  to  facilities  such  as  the  equalization  tanks  (in 
summer)  for  rain  water  and  yards  to  be  melted  by  treated 
water.  The  combined  runoff  is  then  returned  to  the  treatment 
plant  for  treatment.  With  this  technique,  the  volume  of  waste- 
water  added  by  the  melted  snow  is  less  than  10%. 

2.  Use  of  treated  water  as  coolant.  One  water  treatment  facility 
in  Maine  (the  northeast  of  USA)  utilizes  a  heat  pump  in 
the  effluent  to  avoid  the  freezing  of  the  disinfectant  storage 
building.  The  cold  weather  and  problems  related  with  the  pre¬ 
paid  fuel  provided  by  a  company  that  went  bankrupt,  encour¬ 
aged  the  treatment  facility  to  use  the  effluent  as  a  source 
of  heat.  The  effluent  has  an  average  temperature  of  15  and  3  C 
are  taken  with  the  heat  pump.  The  COP  of  the  system  is 
approximately  3.0  and  the  payback  period  of  the  investment 
was  calculated  to  be  5.8  years  [93], 

3.  A  source  of  heat  for  sludge  drying.  The  effluent  of  a  WWTP  in 
Germany  (Hayingen)  is  the  source  of  heat  for  a  sludge  drying 
system  using  solar  dryers  and  heat  pumps.  The  solar  dryer 
system  could  not  be  installed  as  the  only  source  of  heat  due  to 
the  variable  availability  of  solar  energy  throughout  the  year. 
Therefore,  a  heat  pump  system  was  installed.  According  to 
commercial  information  (www.huber.de,  retrieved  in  December 
2012)  the  plant  can  treat  440  t/annum  of  sludge  with  approxi¬ 
mately  22%  of  dry  solids. 


4.3.  Heat  recovery  from  other  water  sources 

In  Malmo,  Sweden,  an  area  of  buildings  (85  000  m2)  is  heated 
with  heat  from  the  sea  and  ATES  systems  (40-70  m  depth,  average 
temperature:  10.5  °C).  The  heat  recovery  system  can  be  used  for 
heating  and  cooling.  In  this  second  operation  mode,  the  heat 
inside  houses  is  released  into  the  sea  water  [99,100],  In  The 
Hague,  the  Netherlands,  a  renovated  district  close  to  the  sea  uses 
thermal  energy  extracted  from  the  sea  to  heat  789  homes  as  well. 
The  system  started  to  operate  in  January  2009  and  according  to 
the  municipality  of  The  Hague  [101]  the  heat  recovery  system  is 
designed  to  reduce  C02  emissions  up  to  50%  compared  to  conven¬ 
tional  heating  systems. 

Another  case  study  in  the  Netherlands  uses  a  shallow  pond 
(0.4  m  deep,  350  m  long,  and  32  m  wide),  constructed  for  aesthetic 
purposes,  functions  as  a  solar  energy  collector  to  regenerate  an 
ATES  system.  The  total  complex  is  constituted  of  1200  apartments, 
distributed  over  10  buildings  along  the  pond  and  other  9  buildings 
around  it.  The  heat  supply  of  the  complex  is  carried  out  by  a  heat 
pump  that  takes  thermal  energy  from  warm  and  cold  wells  300  m 
away  from  each  other  [102],  In  order  to  compensate  the  heat 
extraction  during  winter,  the  solar  energy  captured  in  summer  by 
the  pond  is  transferred  to  the  ATES.  In  addition,  the  system 
consists  of  a  fountain,  a  buffer  tank  to  equalize  the  temperature 


of  the  water  from  the  pond  during  the  day,  two  more  ponds  for 
water  transportation  and  a  plate  heat  exchanger.  The  cold  wells 
have  an  average  temperature  of  7  °C  while  the  warm  wells  are 
kept  at  15  °C.  The  pond  can  capture  36  TJ  of  thermal  energy  in 
summer.  In  Europe,  in  the  year  2006  there  were  approximately  110 
operating  projects  of  district  cooling  representing  1%  of  the  total 
cooling  capacity  of  the  continent  [103], 

Cold  recovery  from  shallow  lakes  is  a  competitive  option  to 
replace  conventional  air-air  cooling  systems  in  warm  weather 
urban  areas  of  Turkey  [104].  This  is  partly  due  to  the  water 
temperature  being  more  stable  compared  to  air  temperature  in 
warm  seasons  especially  when  peak  cooling  loads  are  required. 
In  addition,  although  water  pumping  can  reduce  the  COP  up  to 
25%  when  there  is  a  long  distance  from  the  water  source  to  the 
consumer,  auxiliary  equipment  used  in  water-to-air  heat  pumps 
for  cooling  consumes  less  energy  than  conventional  air-to-air  heat 
pumps  (COP  of  water-to-air  heat  pump  is  15-40%  higher). 

A  method  to  design  cooling  systems  in  warm  climates  based  on 
ground  and  surface  water  is  described  by  Kavanaugh  [105],  The 
author  considers  that  key  procedures  are  the  proper  matching  of 
the  heat  pump  with  the  water  circulation  system,  the  calculation 
of  heat/cold  demand  and  energy  consumption  of  auxiliary  equip¬ 
ment.  Water  from  deep  ponds  is  being  used  for  cooling  some 
offices  located  in  the  south  east  of  Amsterdam.  In  that  project, 
an  energy  company  operates  a  system  which  subtracts  cold  water 
from  the  bottom  of  a  lake.  Phosphate  is  removed  during  treatment 
(in  charge  of  the  municipal  water  company)  to  avoid  eutrophica¬ 
tion.  The  water  enters  into  a  heat  recovery  system  where  the  cold 
water  is  used  for  cooling  and  the  warmer  water  goes  back  to  the 
lake.  With  this  technology  the  energy  consumption  for  cooling  in 
the  building  compared  to  individual  cooling  machines  has  been 
able  to  be  reduced  six  times  [106].  Newman  and  Herbert  [107] 
presented  two  more  case  studies  of  cooling  systems  from  deep 
water  in  Toronto  and  Halifax  in  Canada. 


5.  Factors  influencing  heat  reclamation  projects  in  the  UWC 

5.3.  Heat  loss  during  transportation  in  heat  recovery  systems 

In  thermodynamic  terms,  urban  water  -  or  wastewater  - 
networks  are  open  systems,  whilst  there  is  interaction  with  the 
surroundings.  The  water  transported  through  pipes  tends  to  have  a 
similar  temperature  as  the  ground  and  heat  is  dissipated  through 
the  wall  pipes  [108],  Therefore,  if  heat  is  to  be  recovered,  the 
distance  between  the  user  and  the  heat  source  is  of  importance.  It 
has  been  observed  that  after  10  km  of  transport  in  main  sewer 
pipes,  wastewater  has  the  same  temperature  as  the  soil  [47],  This 
length  will  be  reduced  when  the  pipes  and  flow  are  smaller  since 
there  will  be  more  transfer  are  per  mass  flow.  Funamizu  et  al.  [58] 
have  described  some  equations  to  calculate  the  heat  loss  due  to 
transportation  of  warm  water  along  the  distribution  network. 

An  urban  water  heat  recovery  system  can  be  divided  into  two 
parts:  the  section  where  heat  is  extracted  (independently  of  the 
source  of  heat)  and  the  heat  distribution  network.  Fig.  4  represents 


Drinking  Water 

Thermal  Storage 

HRS 

Sewer  (WW) 

Influent  (WW) 

◄ - 

Effluent 

(T reated  Water) 

Fig.  4.  Different  heat  sources  of  an  urban  water  heat  recovery  system. 
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both  sections.  Continuous  lines  correspond  to  a  heat  extraction 
section  while  dotted  lines  resemble  a  heat  distribution  network. 

Currently,  there  are  few  publications  which  describe  methods 
to  calculate  the  heat  that  will  be  lost  during  water  transportation  in 
drinking  water  and  sewage  networks.  Sallanko  and  Pekkala  [109] 
made  an  empirical  calculation  of  the  temperature  decrease  in 
pressurized  sewer  lines  by  measuring  the  temperature  in  several 
sewer  pipes  of  different  capacities  (150  to  800  m3/d)  in  a  rural  area 
in  Finland.  The  authors  found  that  the  temperature  decreased  at  a 
rate  of  0.16  to  0.27  °C/km  in  the  beginning  of  the  pipes  and  at  the 
end  of  the  pipes,  the  average  decrease  rate  was  0.02  to  0.10  °C/km 
resulting  in  an  average  temperature  range  from  14  to  4.0  °C,  which 
affects  the  biological  processes  at  the  WWTP.  Waneer  et  al.  [110] 
presented  a  mathematical  model  to  estimate  the  temperature  of 
partially-filled  sewer  pipes  which  was  improved  and  included  in 
a  software  developed  by  Durrenmatt  and  Wanner  [108],  The  soft¬ 
ware  was  tested  in  a  case  study  where  the  difference  between  the 
predicted  and  the  experimental  temperature  was  approximately 
4  °C.  Hendron  et  al.  [Ill]  simulated  the  heat  loss  when  water  was 
transported  inside  households  constructed  with  different  types  of 
materials.  The  results  lead  to  the  conclusion  that  for  a  household 
with  isolated  walls,  heat  loss  due  to  water  transportation  is  not 
significant  (1%  of  heat  loss).  The  results  obtained  in  the  study  also 
suggest  that  isolation  in  warm  climates  increased  the  heat  con¬ 
sumption  because  solar  radiation  can  pre-heat  the  pipelines  before 
tap  water  consumption. 


5.2.  Consequence  of  heat  recovery  on  the  performance  of  a  WWTP 

If  heat  is  extracted  from  the  sewer,  the  wastewater  temperature 
will  decrease.  Cold  wastewater  temperature  may  affect  the  biolo¬ 
gical  processes  of  a  WWTP. 

A  WWTP  was  monitored  in  Switzerland  during  episodes  of  rain  in 
winter,  in  order  to  study  the  effects  of  low  temperatures  in  the 
biological  process.  It  was  observed  that  when  there  was  a  quick  drop 
in  temperature  for  a  couple  of  hours  (rain  episodes),  the  hydraulic 
retention  time  acted  like  a  temperature  buffer  in  the  tanks  resulting  in 
a  stable  biological  process  [92],  Nevertheless,  the  authors  mentioned 
that  when  there  was  a  continuous  temperature  drop  (e.g.  in  the  case 
of  long  rain  periods),  1  °C  drop  in  the  mixed  liquor  temperature 
decreased  the  nitrification  rate  by  10%.  Operationally,  the  nitrification 
could  be  controlled  by  adjusting  the  sludge  retention  time. 

For  regulatory  purposes,  a  German  rule  applicable  for  the  design  of 
single-stage  activated  sludge  plants  (ATV-DVWK-A  131 )  dictates  that 
the  sludge  retention  time  (SRT)  in  nitrification  must  be  corrected  in 
function  of  the  activated  sludge  temperature  taking  into  consideration 
a  safety  factor  (SF)  that  relates  the  WWTP  size  and  the  biochemical 
oxygen  demand  (BOD)  load.  A  SF  of  1.8  is  good  for  WWTPs  with 
1200  kgeoD/d  (20,000  population  equivalents)  while  a  SF  of  1.45 
requires  five  times  the  influent  loads  (6000  kgBOD/d  or  100,000 


population  equivalents)  as  is  shown  in  Eq.  (1)  [112], 

SF 

SRT=  (0.29)e° 98<r  15)  (1) 

Eq.  (1)  also  regulates  any  WWTP  with  nitrification,  which  influent  is 
previously  cooled  with  a  heat  recovery  system.  Different  safety  factor 
values  can  be  found  inside  the  applicable  German  rule  for  heat 
recovery  systems  from  wastewater  [47],  In  agreement  with  these 
regulations,  to  ensure  sufficient  nitrogen  removal,  the  wastewater 
temperature  must  be  >  12  °C. 

5.3.  Consequence  of  fouling  on  the  performance  of  sewer  heat 
exchangers 

Fouling  detriments  the  hydraulic  and  thermal  performance  of 
any  heat  exchanger  equipment,  and  must  be  predicted  in  order  to 
design  and  operate  equipment  accurately  [113],  The  fouling  is 
associated  with  nutrients  in  the  water  resulting  in  biofilm  growth 
on  the  surface  of  the  heat  exchanger. 

According  to  Rometsch  et  al.  [69]  the  heat  transfer  performance 
of  a  heat  exchanger  ( WA )  depends  on  the  heat  transfer  surface  area 
(Ahx)  and  the  mean  temperature  difference  between  the  heat 
exchanger  medium  (AT)  and  a  heat  transfer  coefficient  (k)  of  the 
heat  exchanger.  The  mathematical  relationship  is  shown  in  the 
following  formula: 

WA  =  (k)(AHx)(AT)  (2) 

where  k  is  given  in  W/m2  K;  A,  m2;  and  AT  is  given  in  K.  The  author 
reports  the  results  of  a  study  where  the  heat  transfer  performance  of 
a  heat  exchanger  was  plotted  against  the  inverse  of  k  (called  fouling 
factor  “/’).  A  negative  natural  logarithmic  equation  could  describe 
the  performance  affected  by  fouling  with  a  correlation  factor  of  80%. 

The  formation  of  biofilm  can  also  increase  the  energy  for 
pumping  and  decreasing  flow,  especially  in  tube-bundle  and  plate 
heat  exchanger.  However,  the  heat  exchanger  output  can  be  main¬ 
tained  through  increasing  the  propulsion  energy  of  the  heat  pump 
leading  to  higher  temperature  differences  between  wastewater  and 
cooling  medium  that  compensate  for  lower  heat  transfer  coefficients. 

In  a  survey,  the  heat  exchangers  of  28  heat  recovery  systems 
were  examined.  In  all  cases,  biofilms  and  deposits  on  the  surface 
lower  the  heat  transfer  [67].  The  studies  concluded  that  the 
concentration  of  certain  wastewater  components  is  the  dominant 
factor  for  heat  exchanger  defilement.  Particles  like  sand,  gravel  and 
leaves  form  sediments  with  lower  flow  velocities  may  clog  the 
heat  exchanger  surface  area.  Organic  substances  and  nutrients 
promote  the  formation  of  a  few  millimeters  biofilm.  Inorganic 
substances  can  react  to  insoluble  components  that  precipitate  and 
interfere  with  the  heat  exchange  process.  In  Table  4  a  summary  of 
the  case  studies,  heat  exchanger  types,  cleaning  methods  and 
performance  of  the  heat  exchanger  is  presented. 

In  the  worst  cases,  the  transfer  efficiency  can  be  reduced  to  40% 
of  its  original  performance  although  it  is  common  to  find  reductions 


Table  4 

Study  cases,  types,  cleaning  method  and  performance  of  sewer  heat  exchanger  surveyed  by  Wanner  [67], 


Source 
of  heat 

No.  of 

cases 

heat 

exchanger 

type 

Cleaning  method 

Size 

Frequency 

Observations 

Sewage 

10 

Canal 

Not  cleaned, 
mechanical,  high 
pressure 

Monthly— Every  6  months 

Cleaning  depends  on  turbulence  and  brunching,  wastewater  quality. 

Over  dimensioning  the  heat  exchanger  prevents  clogging. 

Effluent 

9 

Bundle 

tube 

Pressure,  mechanic, 
chemical  rinse* 

Monthly  (Mechanical)— 
Every  2nd  year  (Chemical) 

heat  exchangers  with  effluent  in  the  outer  part  are  less  affected  by  fouling. 
Bio  fouling  can  cause  50%  less  heat  transfer. 

Effluent 

9 

Plate 

Mechanical, 
automatic  rise 
chemical 

1.6- 
40  mm 
distance 

Daily  (self-cleaned),  — 
Yearly 

Cleaning  frequency  is  independent  of  plate  distance,  but  depends  on 
pretreatment.  With  more  distance  heat  exchangers  are  less  affected  by 
fouling.  Fouling  can  cause  25-60%  less  heat  transfer. 

818 


J.A.  Elias-Maxil  et  at.  /  Renewable  and  Sustainable  Energy  Reviews  30  (2014)  808-820 


near  30%  [67],  In  one  case,  a  more  than  20-  year-old  heat  recovery 
installation  in  Switzerland  was  designed  with  an  over-dimensioned 
(30%)  heat  exchanger  to  assure  proper  function  of  the  system  [78], 
Periodic  cleaning  can  recover  20%  of  the  heat  transfer  efficiency  [94], 
Materials  of  heat  exchangers  can  play  an  important  role;  copper  can 
prevent  an  excessive  biofilm  formation  and  the  use  of  this  metal 
has  been  patented  [114].  The  use  of  high  pressure  nozzles  to  clean 
pipe  heat  exchanger  has  been  documented  [69], 

Although  a  heat  exchanger  can  be  simple  in  its  design,  the  type 
of  equipment  could  largely  influence  the  feasibility  of  a  heat 
recovery  system  because  the  materials  for  construction,  its  instal¬ 
lation  (sometimes  they  have  to  be  installed  beneath  the  streets 
or  prebuilt  caverns),  size  and  number  of  elements  as  well  as  the 
efficiency  decrease  due  to  fouling  play  an  important  role  regarding 
the  costs  of  a  heat  recovery  system.  Constructors  emphasize  the 
importance  of  this  equipment  when  they  talk  about  experiences. 
That  is  why  continuous  cleaning  is  essential  for  the  good  operation 
of  the  heat  recoveiy  system. 


6.  Discussion  and  recommendations 

In  the  first  part  of  Section  3,  an  energy  balance  to  operate 
the  urban  water  cycle  of  some  regions  of  the  world  was  presented. 
The  balance  showed  that  80%  of  the  energy  is  spent  by  the  end- 
user  mainly  in  heating  while  the  remaining  20%  is  used  in  water¬ 
works  for  treatment  and  transportation  (of  raw  water,  drinking 
water  and  wastewater). 

Subsequently,  some  examples  to  reduce  the  use  of  energy  from 
fossil  fuels  were  mentioned  in  an  order  proposed  to  minimize  the 
consumption  of  this  type  of  energy.  In  relation  to  water  and 
wastewater  facilities,  there  is  available  information  about  successful 
cases  where  waterworks  have  reduced  their  consumption  by  the 
improvement  of  their  equipment  and  practices  to  the  point  that  they 
have  become  energy  producers  instead  of  energy  consumers.  How¬ 
ever,  the  number  of  references  about  study  cases  where  the  energy 
consumed  by  the  end-user  has  been  reduced  or  reused  are  fewer 
in  number,  they  come  from  a  limited  amount  of  countries,  and  most 
of  them  talk  about  heat  recovery  from  wastewater  for  water 
preheating  of  ambient  heating.  Since  the  energy  spent  by  the  end- 
user  represents  the  largest  expenditure  (of  energy)  in  the  water 
cycle,  many  efforts  should  be  focused  on  reducing  its  consumption. 

The  authors  of  this  manuscript  consider  that  in  spite  of  the 
existence  of  technology  to  reuse  energy  from  water,  it  has  not  been 
spread  worldwide  for  various  reasons: 

•  The  available  technology  allows  obtaining  low-quality  energy 
which  can  be  used  for  few  purposes.  Therefore,  ambient  heating 
and  cold  water  preheating  have  been  the  two  main  solutions  to 
the  recovered  heat.  In  this  sense,  there  is  a  necessity  to  carry  out 
research  on  more  applications  of  the  recovered  heat  (or  cold). 
In  this  way,  more  approaches  can  be  found  for  heat  recoveiy  in 
places  where  ambient  heating  is  not  needed. 

•  Along  a  whole  year  period,  when  there  is  no  need  for  ambient 
heating,  a  heat  recoveiy  system  could  store  the  heat  in  a  storage 
facility.  However,  the  possibility  for  the  installation  of  such  feature 
depends  on  the  specific  site  of  implementation.  Research  is  needed 
to  study  approaches  to  equilibrate  the  spatial  and  time  mismatch 
of  demand  and  supply  as  well  as  energy  storage  methods  that 
can  be  coupled  with  recoveiy  systems  of  low-quality  heat. 
Concerning  the  use  of  heat  exchangers  in  households,  there  is  still 
little  scientific  knowledge  about  the  performance  of  heat  exchan¬ 
gers  in  a  long  time  period  and  with  different  use  conditions. 

•  The  economic  feasibility  of  heat  recovery  systems  is  a  key  factor 
for  its  development.  The  costs  of  installations  are  higher  when 
new  infrastructure  has  to  be  built;  this  situation  restricts  the 


implementation  of  heat  recovery  installations  to  new  develop¬ 
ments  or  places  where  a  major  sewer  renovation  is  planned. 
In  addition,  the  competitive  price  of  fossil  fuels  compared  with 
renewable  fuels  has  caused  projects  to  depend  on  subsidies. 
Therefore,  there  is  a  need  of  knowledge  of  financial  approaches 
to  make  energy  recoveiy  from  water  attractive  and  competitive 
compared  to  other  renewable  sources. 

•  In  relation  to  the  performance  of  heat  recovery  systems,  there 
is  relatively  little  independent  information  available.  Because 
the  market  is  small,  there  are  only  few  competitors  and  they 
are  concentrated  in  specific  countries.  Much  of  the  successful 
case  studies  have  been  published  by  the  same  companies 
which  could  tend  to  emphasize  the  positive  issues  of  the 
technology.  There  is  a  need  for  independent  information  about 
case  studies,  experiences,  technical  problems,  social  accep¬ 
tance,  and  interaction  between  the  stakeholders  that  have  used 
this  technology.  How  have  heat  recovery  systems  been  devel¬ 
oped  in  other  economies  different  than  those  mentioned  in  this 
paper  and  in  other  climatic  conditions  and  a  variety  of  situa¬ 
tions?  These  are  questions  for  future  research. 

•  Most  of  the  case  studies  presented  in  this  review  have  in 
common  that  they  were  installed  in  main  sewer  pipes  where  a 
continuous  flow  is  guaranteed  and  the  heat  consumer  was  also 
near  the  heat  source.  In  some  cases,  the  heat  withdrawn  from 
the  heat  source  should  decrease  the  water  temperature  by  only 
a  few  degrees  Celsius  because  of  the  risk  of  affecting  the 
biological  process  in  a  wastewater  treatment  plant.  However, 
some  new  constructions  and  renovations  are  not  big  enough  to 
guarantee  continuous  flow  and  heat  consumption  over  long 
periods  of  time.  Many  of  them  are  far  away  from  wastewater 
treatment  plants  and  during  transportation,  the  temperature  of 
the  chilled  water  will  be  affected  by  the  soil  temperature  and 
other  tributaries  that  would  minimize  the  risk  of  a  cold 
influent.  In  that  case,  every  potential  project  has  specific 
requirements  in  size,  consumption  pattern,  heat  storage  (or 
energy  offer-demand  mismatch),  downstream  risks,  that 
should  be  evaluated  specifically.  Information  concerning 
approaches  to  detect  susceptible  points  to  install  small-size 
heat  recovery  systems  is  needed.  Modeling  tools  would  help  to 
estimate  the  available  heat  in  places  where  a  renovation  or  new 
construction  is  planned,  to  predict  the  impact  of  colder  water  in 
the  stream  to  the  waste  water  treatment  plant,  and  to  calculate 
the  energy  balance  between  heat  offer  and  demand  of  a  heat 
recoveiy  installation  in  long  term  scenarios. 


7.  Conclusions 

The  two  main  types  of  energy  used  in  the  urban  water  cycle  are 
electricity  and  heat;  the  latter  can  represent  80%  of  the  primary 
energy  expenditures  related  to  water  use  in  the  residential  and 
commercial  sector.  In  the  Netherlands,  the  equivalent  C02  pro¬ 
duced  in  the  UWC  represents  more  than  3%  of  the  total  C02 
produced  per  inhabitant.  This  amount  could  be  higher  if  the 
methane  in  the  sewer  network  is  included  in  the  balance. 

Some  actions  to  reduce  the  total  expenditure  of  energy  from 
fossil  fuels  used  in  Urban  Water  include: 

•  Synergic  measures  to  save  water  and  energy  in  urban  zones  such 
as  the  installation  of  water-saving  head  showers  and  toilets, 
installation  of  tap  flow  regulators,  leakage  minimization,  water 
consumption  advice  and  water  demand  management. 

•  Substitution  of  fossil  fuels  used  in  the  urban  water  cycle  for 
renewable  energy  sources. 

•  Extraction  of  energy  from  urban  water. 
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•  Optimization  of  processes  in  water  facilities,  specially  the  high 
energy  intensive  processes. 

Simple  equipment  such  as  heat  exchangers  installed  in  domes¬ 
tic  appliances  or  beneath  the  shower,  is  the  first  approach  to 
recover  heat  from  households.  The  installation  in  already  con¬ 
structed  buildings  can  be  costly,  though.  A  big  advantage  when 
using  this  equipment  is  that  the  demand  is  almost  synchronized 
with  the  heat  offer  and  the  heat  source  is  close  to  the  place  of 
consumption. 

Space  heating  is  currently  the  largest  use  of  heat  from  urban 
water.  Equipment  used  for  its  extraction  are  heat  pumps,  heat 
exchangers  and  heat  storage  installations.  Published  literature 
enumerates  several  successful  projects  of  heat  recovery  mainly  from 
wastewater  although  there  are  reports  where  sea  water,  ponds  and 
lakes  were  used.  Most  of  the  study  cases  are  located  in  Switzerland 
and  Germany.  The  heating  capacity  of  heat  recoveiy  system  varies 
from  100  to  16,000  kj/s.  Another  reported  use  of  water  as  energy 
source  is  to  melt  snow  and  to  use  it  as  a  coolant. 

Some  reported  factors  that  influence  the  process  of  heat 
recovery  systems  from  sewer  networks  are: 

•  The  energy  losses  during  the  transportation  of  recovered  heat 
to  the  consumer.  A  model  to  determine  how  much  heat  is  lost 
in  the  sewer  during  transportation  and  potential  would  help  to 
assess  the  feasibility  of  projects  more  accurately.  Suitable  spots 
to  install  heat  recovery  systems  could  also  be  identified  with 
modeling  tools. 

•  The  consequence  of  heat  recovery  installations  in  wastewater 
treatment  since  it  is  the  influent  of  WWTPs.  If  the  heat  is 
extracted  in  this  zone,  the  biological  treatment  could  have 
problems  especially  in  the  nitrification  process. 

•  The  biofilm  formation.  It  has  been  shown  that  microbial  growth 
in  heat  exchangers  can  reduce  their  efficiency  up  to  40%  and  also 
increase  the  energy  consumption  for  pumping.  Regular  cleaning 
of  the  heat  exchangers  (especially  in  wastewater)  should  be  done 
to  avoid  thick  layers  of  biofilm  formation. 

In  conclusion,  although  some  successful  examples  of  heat  recov¬ 
eiy  from  urban  water  have  been  mentioned,  the  recovered  energy  is 
still  minimal  compared  to  the  total  energy  available  in  urban  water. 

References 


[1]  Mitchell  VG,  Mein  RG,  McMahon  TA.  Modelling  the  urban  water  cycle. 
Environ  Model  Software  2001;16:615-29. 

[2]  Horne  J,  Bois  B,  Jordan  K,  Kricun  A.  Newton  J,  Pedersen  T,  et  al.  Ensuring  a 
sustainable  future:  an  energy  management  guidebook  for  wastewater  and 
water  utilities.  In:  EPA  GEaTF,  editor.  Washington,  D.C.:  EPA,  Global  Environ¬ 
ment  and  Technology  Foundation;  2008. 

[3]  Racoviceanu  Al,  Karney  BW,  Kennedy  CA,  Colombo  AF.  Life-cycle  energy  use 
and  greenhouse  gas  emissions  inventory  for  water  treatment  systems. 
J  Infrastruct  Syst  2007;13:261-70. 

[4]  Cuddihy  J,  Kennedy  C,  Byer  P.  Energy  use  in  Canada:  environmental  impacts 
and  opportunities  in  relationship  to  infrastructure  systems.  Can  J  Civ  Eng 
2005;32:1-15. 

[5]  McMahon  JE,  Price  SK.  Water  and  energy  interactions.  Ann  Rev  Environ 
Resour  2011;36:163-91. 

[6]  Blokker  EJM,  Vreeburg  JHG,  van  Dijk  JC.  Simulating  residential  water  demand 
with  a  stochastic  end-use  model.  J  Water  Resour  Plann  Manage 
2010;136:19-26. 

[7]  Hendron  R,  Burch  J.  Development  of  standardized  domestic  hot  water  event 
schedules  for  residential  buildings.  Laboratory  NRE,  editor.  Energy  Sustain¬ 
ability  2007.  California,  USA:  NREL;  2008;  11. 

[8]  ACEEE.  Water  heating.  American  Council  for  an  Energy-Efficient  Economy; 
2011. 

[9]  NEAA  NEAA,  CBS,  WUR.  Household  water  consumption  per  capita  in  the 
Netherlands,  1980-2001;  2005. 

[10]  Geudens  PJJG.  Dutch  drinking  water  statistics  2008.  The  water  cycle  from 
source  to  tap.  Rijswik:  Association  of  Dutch  Water  Companies  (VEWIN); 
2010.  p.  45. 


[11]  Hofman  J,  Hofman-Caris  R,  Nederlof  M,  Frijns  J,  van  Loosdrecht  M.  Water  and 
energy  as  inseparable  twins  for  sustainable  solutions.  Water  Sci  Technol 
2011;63:88-92. 

[12]  Lundie  S,  Peters  GM,  Beavis  PC.  Life  cycle  assessment  for  sustainable  metro¬ 
politan  water  systems  planning.  Environ  Sci  Technol  2004;38:3465-73. 

[13]  Blom  JJ,  Telkamp  P,  Sukkar  RGFJ,  Wit  BGJd.  Energie  in  de  Waterketen  (Energy 
in  the  water  cycle).  In:  STOWA,  editor.  Amersfoort,  The  Netherlands:  STOWA; 
2010.  p.  95. 

[14]  Kennedy  LA,  Tsuchihashi  R.  Is  water  reuse  sustainable?  Factors  affecting  its 
sustainability  Arabian  J  Sci  Eng  2005;30:3-15. 

[15]  Liu  H,  Ramnarayanan  R,  Logan  BE.  Production  of  electricity  during  waste- 
water  treatment  using  a  single  chamber  microbial  fuel  cell.  Environ  Sci 
Technol  2004;38:2281-5. 

[16]  EPA.  Opportunities  for  and  benefits  of  combined  heat  and  power  at  waste- 
water  treatment  facilities.  In:  Energy  and  environmental  analysis,  EPA  CHaPP, 
editor.  Eastern  Research  Group;  2007.  p.  42. 

[17]  Cheng  CL.  Study  of  the  inter-relationship  between  water  use  and  energy 
conservation  for  a  building.  Energy  Build  2002;34:261-6. 

[18]  Plappally  AK,  Lienhard  V.  JH.  Energy  requirements  for  water  production, 
treatment,  end  use,  reclamation,  and  disposal.  Renewable  Sustainable  Energy 
Rev  2012;16:4818-48. 

[19]  Leerdam  Rv,  Roest  K,  Graaff  Md,  Hofman  J.  De  waterketen  als  energiebron.  In: 
Institute  KWR,  editor.  Nieuwegein:  KWR;  2010.  p.  87. 

[20]  UNDP.  Netherlands.  Country  profile  of  human  development  indicators.  In: 
UNDP,  editor.  New  York:  United  Nations;  2011. 

[21]  Frijns  J,  Mulder  M,  Roorda  J.  Op  weg  naar  een  klimaatneutrale  waterketen.  In: 
Rijkswaterstraat,  editor.:  Rijkswaterstraat,  KWR,  RIONED,  STOWA;  2008.  p.  71. 

[22]  EPA.  Greenhouse  gas  equivalencies  calculator.  In:  Agency  USEP,  editor.:  U.  S. 
Environmental  Protection  Agency;  2011. 

[23]  ES.  Performance  ratings  methodology  for  incorporating  source  energy  use. 
USA:  EPA/Energy  Star;  2011.  p.  17. 

[24]  Daigger  GT.  Evolving  urban  water  and  residuals  management  paradigms: 
Water  reclamation  and  reuse,  decentralization,  and  resource  recovery.  Water 
Environ  Res  2009;81:809-23. 

[25]  Lassaux  S,  Renzoni  R,  Germain  A.  Life  cycle  assessment  of  water  from  the 
pumping  station  to  the  wastewater  treatment  plant.  Int  J  Life  Cycle  Assess 
2007;12:118-26. 

[26]  Vreuls  HHJ,  Zijlema  PJ.  The  Netherlands:  list  of  fuels  and  standard  C02 
emission  factors;  2009;  1. 

[27]  Guisasola  A,  de  Haas  D,  Keller  J,  Yuan  Z.  Methane  formation  in  sewer 
systems.  Water  Res  2008;42:1421-30. 

[28]  de  Graaff  MS,  Zandvoort  M,.  Roest  K,  Frijns  J,  Janse  T,  Loosdrecht  MCMv. 
Quantification  of  methane  and  nitrous  oxide  greenhouse  gas  emissions  from 
the  urban  water  cycle.  IWA  World  Water  Congress.  Busan,  Korea:  IWA;  2012. 

[29]  Law  Y,  Jacobsen  GE,  Smith  AM,  Yuan  Z,  Lant  P.  Fossil  organic  carbon  in 
wastewater  and  its  fate  in  treatment  plants.  Water  Res  2013;47:5270-81. 

[30]  Washington  WM,  Knutti  R,  Meehl  GA,  Teng  H,  Tebaldi  C,  Lawrence  D,  et  al. 
How  much  climate  change  can  be  avoided  by  mitigation?  Geophys  Res  Lett 
2009;36:L08703. 

[31  ]  Sala  L,  Serra  M.  Towards  sustainability  in  water  recycling.  Water  Sci  Technol 
2004;50:1-8. 

[32]  Lee  M,  Tansel  B,  Balbin  M.  Influence  of  residential  water  use  efficiency 
measures  on  household  water  demand:  a  four  year  longitudinal  study. 
Resour,  Conserv  Recycl  2011;56:1-6. 

[33]  Turner  A,  White  S,  Beatty  K,  Gregory  A.  Results  of  the  largest  residential 
demand  management  program  in  Australia.  Water  Sci  Technol:  Water 
Supply  2005;5:249-56. 

[34]  Vairavamoorthy  K,  Gorantiwar  SD,  Pathirana  A.  Managing  urban  water 
supplies  in  developing  countries— climate  change  and  water  scarcity  scenar¬ 
ios.  Phys  Chem  Earth,  Parts  A/B/C  2008;33:330-9. 

[35]  Kumar  G,  Electricity  usage  in  water  distribution  networks.  IEEE  Canada 
Electrical  Power  Conference.  Montreal,  QC;  Canada  2007.  p.  97-102. 

[36]  EPA.  Going  green:  renewable  energy  options  for  water  utilities.  In:  EPA, 
editor.:  United  States  Environmental  Protection  Agency;  2012. 

[37]  Balaras  CA,  Droutsa  K,  Argiriou  AA,  Asimakopoulos  DN.  Potential  for  energy 
conservation  in  apartment  buildings.  Energy  Build  2000;31:143-54. 

[38]  Michopoulos  A,  Martinopoulos  G,  Papakostas  K,  Kyriakis  N.  Energy  con¬ 
sumption  of  a  residential  building:  comparison  of  conventional  and  RES- 
based  systems.  Int  J  Sustainable  Energy  2009;28:19-27. 

[39]  Leidl  CM,  Lubitz  DW.  Comparing  domestic  water  heating  technologies. 
Technol  Soc  2009;31:244-56. 

[40]  Subramani  A,  Badruzzaman  M,  Oppenheimer  J,  Jacangelo  JG.  Energy  mini¬ 
mization  strategies  and  renewable  energy  utilization  for  desalination:  a 
review.  Water  Res  2011;45:1907-20. 

[41  ]  Mathioulakis  E,  Belessiotis  V,  Delyannis  E.  Desalination  by  using  alternative 
energy:  review  and  state-of-the-art.  Desalination  2007;203:346-65. 

[42]  Charcosset  C.  A  review  of  membrane  processes  and  renewable  energies  for 
desalination.  Desalination  2009;245:214-31. 

[43]  Shannon  MA,  Bohn  PW,  Elimelech  M,  Georgiadis  JG,  Marinas  BJ,  Mayes  AM. 
Science  and  technology  for  water  purification  in  the  coming  decades.  Nature 
2008;452:301-10. 

[44]  Blanco  J,  Malato  S,  Fernandez-Ibanez  P,  Alarcon  D,  Gernjak  W,  Maldonado 
ML  Review  of  feasible  solar  energy  applications  to  water  processes.  Renew¬ 
able  Sustainable  Energy  Rev  2009;13:1437-45. 

[45]  Frijns  J,  Hofman  J,  Nederlof  M.  The  potential  of  (waste )water  as  energy 
carrier.  Energy  Convers  Manage  2012;65:357-63. 


820 


J.A.  Elias-Maxil  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  30  (2014)  808-820 


[46]  DWA.  Energie  aus  Abwasser  -  Warme-  und  Lageenergie  In:  German  Associa¬ 
tion  for  Water  WaWD,  editor.  6th  ed:  Deutsche  Vereinigung  fur  Wasser- 
wirtschaft,  Abwasser  und  Abfall  e.V.;  2009.  p.  48. 

[47]  Ramos  HM,  Mello  M,  De  PK.  Clean  power  in  water  supply  systems  as  a 
sustainable  solution:  From  planning  to  practical  implementation.  Water  Sci 
Technol:  Water  Supply  2010;10:39-49. 

[48]  IEA.  Renewables  for  heating  and  cooling-untapped  potential.  Cedex,  France: 
OECD/IEA;  2007. 

[49]  Van  Lier  JB.  High-rate  anaerobic  wastewater  treatment:  Diversifying  from 
end-of-the-pipe  treatment  to  resource-oriented  conversion  techniques. 
Water  Sci  Technol  2008;57:1137-48. 

[50]  Weiland  P.  Biogas  production:  current  state  and  perspectives.  Appl  Microbiol 
Biotechnol  2010;85:849-60. 

[51]  Schwarzenbeck  N,  Bomball  E,  Pfeiffer  W.  Can  a  wastewater  treatment  plant 
be  a  powerplant?  A  case  study  Water  Sci  Technol  2008;57:1555-61. 

[52]  Appels  L,  Baeyens  J,  Degreve  J,  Dewil  R.  Principles  and  potential  of  the 
anaerobic  digestion  of  waste-activated  sludge.  Prog  Energy  Combust  Sci 
2008;34:755-81. 

[53]  van  der  Hoek  JP,  Hofman  JAMH,  van  Someren  TCR.  Integration  and  innova¬ 
tion  of  the  urban  water  cycle:  the  Waternet  experience.  J  Environ  Sci  Eng 
2011;5:542-53. 

[54]  Aelterman  P,  Rabaey  K,  Clauwaert  P,  Verstraete  W.  Microbial  fuel  cells  for 
wastewater  treatment.  Water  Sci  Technol  2006;54:9-15. 

[55]  Pham  TH,  Rabaey  K,  Aelterman  P,  Clauwaert  P,  De  Schamphelaire  L,  Boon  N, 
et  al.  Microbial  fuel  cells  in  relation  to  conventional  anaerobic  digestion 
technology.  Eng  Life  Sci  2006;6:285-92. 

[56]  Logan  BE.  Scaling  up  microbial  fuel  cells  and  other  bioelectrochemical 
systems.  Appl  Microbiol  Biotechnol  2010;85:1665-71. 

[57]  Svardal  K,  Kroiss  H.  Energy  requirements  for  waste  water  treatment.  Water 
Sci  Technol  2011;64:1355-61. 

[58]  Funamizu  NA,  Iida  M,  Sakakura  Y,  Takakuwa  T.  Reuse  of  heat  energy  in 
wastewater:  implementation  examples  in  Japan.  Water  Sci  Technol  2001  ;43: 
277-85. 

[59]  Ingildsen  P,  Jeppsson  U,  Olsson  G.  Dissolved  oxygen  controller  based  on  on¬ 
line  measurements  of  ammonium  combining  feed-forward  and  feedback. 
Water  Sci  Technol  2002;45:453-60. 

[60]  Rieger  L,  Takacs  I,  Siegrist  H.  Improving  nutrient  removal  while  reducing 
energy  use  at  three  Swiss  WWTPs  using  advanced  control.  Water  Environ 
Res  2012;84:170-88. 

[61]  Baroni  P,  Bertanza  G,  Collivignarelli  C,  Zambarda  V.  Process  improvement 
and  energy  saving  in  a  full  scale  wastewater  treatment  plant:  air  supply 
regulation  by  a  fuzzy  logic  system.  Environ  Technol  2006;27:733-46. 

[62]  Lutz  AJ.  Economic  opportunities  in  waste  water  treatment.  Energy  Eng  J 
Assoc  Energy  Eng  2005;102:21-39. 

[63]  Brandt  M,  Middleton  R,  Wheale  G,  Schulting  F.  Energy  efficiency  in  the  water 
industry,  a  Global  Research  Project.  Water  Pract  Technol  2011:6. 

[64]  Narita  K,  Maekawa  T.  Energy  recycling  system  for  urban  waste  heat.  Energy 
Build  1991;16:553-60. 

[65]  Mol  SSM,  Kornman  JM,  Kerpershoek  AJ,  Helm  AWCvd..  Opportunities  for 
public  water  utilities  in  the  market  of  energy  from  water.  In:  IWA,  editor. 
IWA  Water  and  energy.  Amsterdam,  The  Netherlands:  IWA;  2010. 

[66]  Goorskey  SY,  Ginny  Smith,  Andrew.  Home  energy  briefs:  water  heating. 
Colorado,  USA:  Rocky  Mountain  Institute;  2004. 

[67]  Wanner  O.  Warmeruckgewinnung  aus  Abwasser.  Warmeaustauschversch- 
mutzung:  Auswirkungen  und  Gegenmassnahmen.  Schriftenreihe  der  Eawag; 
2009. 19:62. 

[68]  Zogg  M.  History  of  heat  pumps.  Swiss  contributions  and  international 
milestones.  In:  Ninth  international  IEA  heat  pump  conference.  Zurich, 
Switzerland;  2008.  p.  1-16. 

[69]  Rometsch  L,  Kobel  B,  Muller  EA.  Warmegewinnung  aus  Abwasserkanalen. 
In:  I.f.U.  Infrastruktur-IKT,  editor.  Entwicklung  eines  Anforderungskatalogs 
fiir  Klaranlagen-  und  Kanalnetzbetreiber  gesttitzt  auf  Praxistests  mit 
Warmetauschern.  Gelsenkirchen:  Institut  fiir  Unteridische  Infrastruktur; 
2004.  p.  243. 

[70]  Schmid  F.  Sewage  water:  interesting  heat  source  for  heat  pumps  and  chillers. 
1st  edEnergieSchweiz  fiir  Infrastrukturanlagen;  2008;  1-12. 

[71]  Wongsuwan  W,  Kumar  S,  Neveu  P,  Meunier  F.  A  review  of  chemical  heat 
pump  technology  and  applications.  Appl  Therm  Eng  2001;21:1489-519. 

[72]  Hughes  M.  Refrigerants.  In:  Grimm  NR,  Rosaler  RC,  editors.  HVAC  systems 
and  components  handbook.  2nd  ed.  McGraw-Hill;  1997.  p.  6.1.10. 

[73]  Ajah  AN,  Mesbah  A,  Grievink  J,  Herder  PM,  Falcao  PW,  Wennekes  S.  On  the 
robustness,  effectiveness  and  reliability  of  chemical  and  mechanical  heat 
pumps  for  low-temperature  heat  source  district  heating:  a  comparative 
simulation-based  analysis  and  evaluation.  Energy  2008;33:908-29. 

[74]  Hepbasli  A,  Kalinci  Y.  A  review  of  heat  pump  water  heating  systems. 
Renewable  Sustainable  Energy  Rev  2009;13:1211-29. 

[75]  Holland  FA,  Siqueiros  J,  Santoyo  S,  Heard  CL,  Santoyo  ER.  Water  purification 
using  heat  pumps.  1st  ed..  New  York:  E  &  FN  SPON;  1999. 

[76]  Zogg  M.  History  of  heat  pumps.  Swiss  constributions  and  international 
milestones.  Swiss  Federal  Office  of  Energy;  2008;  114. 

[77]  Chua  KJ,  Chou  SK,  Yang  WM.  Advances  in  heat  pump  systems:  a  review. 
Appl  Energy.  2010;87:3611-24. 

[78]  Mueller  EA.  Energie  aus  Abwasser  ist  bares  Geld  wert!.  Spektrum  Gebaude- 
Technik— SGT:  Zeitschrift  Spektrum  Gebaude  Technik  -  SGT;  2009. 

[79]  Andersson  O.  Aquifer  thermal  energy  storage  (ATES).  Thermal  energy  storage 
for  sustainable  energy  consumption  2007.  155-176. 


[80]  Baker  J.  New  technology  and  possible  advances  in  energy  storage.  Energy 
Policy  2008;36:4368-73. 

[81]  Nielsen  K,  Gether  H,  Gether  J.  Thermal  energy  storage.  A  state-of-the-art. 
Research  Program  Smart  Energy-Efficient  Buildings.  1st  ed..  Trondheim, 
Norway:  Norwegian  Iniversity  of  Science  and  Technology  (NTNU),  SINTEF; 
2003;  25. 

[82]  de  Graaf  R,  van  de  Ven  FHM,  Miltenburg  IJ,  van  Ee  B,  van  de  Winckel  LCE,  van 
Wijk  G.  Exploring  the  technical  and  economic  feasibility  of  using  urban 
water  system  as  a  sustainable  energy  source.  Therm  Sci  2008;12:35-50. 

[83]  Snijders  AL.  Aquifer  thermal  energy  storage  in  The  Netherlands.  Arnem:  IF 
Tech  International;  2005;  3. 

[84]  IenM.  Drinkwaterbesluit  (Dutch  Drinking  Water  Decree).  In:  Environment) 
SvIeMMoIa,  editor.  Netherlands;  2011. 

[85]  De  Paepe  M,  Theuns  E,  Lenaers  S,  Van  Loon  J.  Heat  recovery  system  for 
dishwashers.  Appl  Therm  Eng  2003;23:743-56. 

[86]  Chapin  FW,  Chapin  HD,  Armstrong  PR.  A  waste  water  heat  exchanger  for 
laundromats-technical  and  behavioral  considerations.  J  Heat  Recovery  Syst 
1984;4:93-100. 

[87]  Wong  LT,  Mui  KW,  Guan  Y.  Shower  water  heat  recovery  in  high-rise 
residential  buildings  of  Hong  Kong.  Appl  Energy  2010;87:703-9. 

[88]  REPP-CREST.  Largest  multi-family  drain  heat  recovery  installation.  In:  2002 
GAfM,  editor;  2003. 

[89]  Baek  NC,  Shin  UC,  Yoon  JH.  A  study  on  the  design  and  analysis  of  a  heat 
pump  heating  system  using  wastewater  as  a  heat  source.  Solar  Energy 
2005;78:427-40. 

[90]  Lorvik  L-A.  Flush  with  success:  novel  sewage-to-energy  system  in  Oslo. 
District  energy.  USA:  International  District  Energy  Association;  2007;  7-10. 

[91  ]  Schitkowsky  A.  Waermeriickgewinnung  aus  Abwasser  -  Beispele  aus  Berlin. 
In:  Siedlungswasserwirtschaft  If,  editor.  3e  Internationales  Symposium  “Re- 
Water  Braunschweig".  Braunschweig,  Germany:  Technische  Universiteit 
Braunschweig;  2011. 

[92]  Wanner  O,  Panagiotidis  V,  Clavadetscher  P,  Siegrist  H.  Effect  of  heat  recovery 
from  raw  wastewater  on  nitrification  and  nitrogen  removal  in  activated 
sludge  plants.  Water  Res  2005;39:4725-34. 

[93]  LeVasseur  TJ,  McPartland  A.  Heating  with  effluent:  capturing  wasted  heat 
from  wastewater  effluent.  J  New  Engl  Water  Environ  Assoc  2010;44:30-4. 

[94]  Biesalski  M.  Moderne  Warmetauschertechnologie  aus  Baden-Wurttemberg  - 
ein  Exportprodukt  Kongress  Warmegewinnung  aus  Abwasser  Stuttgart. 
Stuttgart:  Ministerium  Fur  Umwelt,  Naturschutx  und  Verker.  Baden-Wurt- 
temberg;  2010. 

[95]  Stodtmeister  W.  Heat  production  from  wastewater:  State  of  the  technology, 
practical  examples,  and  perspective.  GWF,  Wasser  -  Abwasser  2009;150:768-72. 

[96]  Deiss  C.  Energiequelle  zum  Heizen  und  Ktihlen  -  Grosste  Abwasserenergie- 
nutzungsanlage  in  der  Schweiz.  GWA  Gas,  Wasser,  Abwasser  2007;6:413-20. 

[97]  EWZ.  Warmeverbund  Wipkingen.  Saubere  Luft  dank  Warme  aus  Abwasser. 
Zurich:  EWZ-  Stadt  Zurich;  2001.  p.  3. 

[98]  Frey  R.  Energiestadt  Lyss  gewinnt  Warme  aus  Abwasser.  GWA  Gas,  Wasser, 
Abwasser  2006;3:2. 

[99]  Malmo's  DE.  City  of  tomorrow:  one  hundred  percent  renewable  energy  today. 
District  energy.  USA:  International  District  Energy  Association;  2008;  7-9. 

[100]  Andersson  O.  Bo  01  ATES  system  for  heating  and  cooling  in  Malmo.  Thermal 
energy  storage  for  sustainable  energy  consumption  2007.  235-238. 

[101]  Den  Haag  G.  Seawater  to  heat  houses  in  Duindorp.  24  August  2009  ed.  Den 
Haag:  Geemente  Den  Haag;  2009. 

[102]  Aparicio-Medrano  E,  Wisse  K,  Uittenboard  R.  Energy  capture  using  urban 
surface  water:  modelling  and  in-situ  measurements.  In:  IBPSA,  editor.  In: 
11th  International  IBPSA  conference  Glasgow,  Scotland;  2009.  p.  716-23. 

[103]  Par  D,  Alexandar  I,  Anders  T,  Adolf  P,  Bertrand  M,  Franco  R,  et  al.  District 
cooling.  Cooling  more  with  less.  In:  Euroheat  &  Power,  editor.2006.  p.  32. 

[104]  Buyiikalaca  O,  Ekinci  F,  Yilmaz  T.  Experimental  investigation  of  Seyhan  River 
and  dam  lake  as  heat  source-sink  for  a  heat  pump.  Energy  2003;28:157-69. 

[105]  Kavanaugh  SP.  Design  considerations  for  ground  and  water  source  heat 
pumps  in  southern  climates.  ASHRAE  Trans  1989;95:1139-49. 

[106]  van  der  Hoek  JP.  Energy  from  the  water  cycle:  a  promising  combination  to 
operate  climate  neutral.  Water  Pract  Technol  2011:6. 

[107]  Newman  L,  Herbert  Y.  The  use  of  deep  water  cooling  systems:  two  Canadian 
examples.  Renewable  Energy  2009;34:727-30. 

[108]  Diirrenmatt  DJ,  Wanner  O.  Simulation  of  the  wastewater  temperature  in 
sewers  with  TEMPEST.  Water  Sci  Technol  2008;57:1809-15. 

[109]  Sallanko  J,  Pekkala  M.  Wastewater  temperature  decrease  in  pressure  sewers. 
Water  Environ  Res  2008;80:2247-52. 

[110]  Waneer  O,  Panagiotidis  V,  Siegrist  H.  Warmeentnahme  aus  der  Kanalisation- 
Einfluss  auf  die  Abwassertemperatur  (Heat  recovery  from  sewers:  Effect  on 
the  wastewater  temperature)  Korrespondenz  Abwasser;  2004.  51 :489-95. 

[111]  Hendron  R,  Burch  J,  Hoeschele  M,  Rainer  L.  Potential  for  energy  savings 
through  residential  hot  water  distribution  system  improvements. 
San  Francisco,  CA;  2009.  p.  341-50. 

[112]  Bever  J,  Stein  A,  Teichmann  H.  Weitergehende  Abwasserreinigung.  4th  ed.. 
Munchen:  Oldenbourg  Industrieverlag;  2002. 

[113]  Shah  RK,  Thonon  B,  Benforado  DM.  Opportunities  for  heat  exchanger 
applications  in  environmental  systems.  Appl  Therm  Eng  2000;20:631-50. 

[114]  Urs  S.  Heat  exchanger  and3  installation  for  extracting  heat  from  waste  water. 
In:  Urs  S,  editor.  US  Patent  &  Trademark  Office.  F28F  19/00  20060101 
F28F019/00;  F28F  13/18  20060101  F28F013/18  ed.  USA;  2007.  p.  1. 


